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THE 


PHYSICAL REVIEW. 


A SYSTEMATIC STUDY OF VIBRATORS AND 
CEIVERS FOR SHORT ELECTRIC WAVES. 


By HAROLD W. WEBB AND L. E. WoopMAN, 


I. INTRODUCTION. 
HE work described in this paper was undertaken to find, if 
possible, such definite relations between the dimensions and 
properties of vibrators and receivers used in measurements with 
short electric waves, as would make possible a more systematic 
procedure in future investigations. Inthe past it has been custom- 
ary to construct vibrators and receivers of any arbitrary form, and 
to separately determine the properties and the wave-length corre- 
sponding to each. This somewhat haphazard method has proved 
unnecessarily tedious and has led to many inconsistent results and 
in many cases it has not been possible for later workers adequately 
to check the wave-length determinations made by their predeces- 
sors. It has also been very difficult to select in advance apparatus 
of suitable dimensions for new experiments of a definite character. 
It seemed, then, of great importance to eliminate this chance pro- 
cedure by determining how the wave-lengths depended upon the 
dimensions and other details of vibrators and receivers, and to find 
the absolute value for certain definite standard forms, which could 
be reproduced at any time from given data. In addition, the solu- 
tion of several minor problems was attempted. The methods of 
measurement, such as the resonance and interference curves which 
have been extensively used in the past, also formed the object of 
89 
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considerable study, as it is probable that they have caused much of 
the inconsistency which disfigures this branch of physical investiga- 
tion. Inthis manner it was hoped to bring the investigation of the 
short electric waves to such a condition, that future results could 
be interpreted without incorrect assumptions, based largely on the 


very misleading analogies with other types of radiation. 


> 
2. METHOD OF MEASUREMENT. 

The greater part of this investigation was based on wave-length 
determinations made by the Boltzmann mirror interference method, 
previously used by many investigators.' The essential feature of this 
method is the use of two plane parallel mirrors, which split the 
beam from the exciter, or ‘“‘ vibrator’’ as we shall call it, into two 
equal parts with a difference in path depending upon their relative 
displacements. Thetwo reflected beams then fall on a “‘ collecting ”’ 
mirror, which brings them to a focus on the receiver. The method 
used in this work differed fundamentally from that employed by 
most of the earlier workers, in that a non-selective or untuned 
receiver was used in place of the selective or tuned receiver. 

The “tuned receiver’”’ method of measuring the principal wave- 
length emitted by a vibrator consists of two steps. First, the ‘ tun- 
ing’’ of a receiver to the vibrator, that is, the determination of the 
form and dimensions of a receiver which gives the maximum energy ; 
and second, the using of this tuned receiver to measure the wave- 
length by an interference method. Now it has always been found ” 
that the wave-length measured in this way depends mainly on the 
receiver and only slightly on the emission of the vibrator, which 
indicates that the result depends mainly upon the accuracy of the 
tuning, and that any error here will introduce an equal error 
into the wave-length measurement. In the course of the present 
study, and as a result of over one hundred resonance curves taken 
under a variety of conditions, it was found that the tuning pro- 
cess, unchecked, oftener than not, gave untrustworthy results and 
was seldom free from errors that made accurate measurements im- 
practicable. This is one probable-cause of many of the discordant 


1 Klemencic and Czermak, Wied. Ann., 50, 177, 1893. 
2G. F. Hull, Puys. Rev., V., 241, 1897; Willard and Woodman, Puys. REv., 


XVIII., 18 1904; A. D. Cole, PHys. Rev., XX., 271, 1905. 
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results found in earlier work. A more complete discussion of this 
point will be taken up in the latter half of this paper. 

This difficulty is avoided with the non-selective receiver and the 
wave-length determined is a function of the vibrator only. The 
disturbing factors and the difficulties of measurement are greatly 
increased by its use, but with proper care satisfactory and consist- 
ent results were obtained, which was not the case when tuned 
receivers were used. The non-selective receiver in wave-length 
measurements is not wholly new as the coherer may come under 
this head." G. F. Hull employed a nail coherer with his inter- 
ferometer method, although the question of its non-selectiveness 
was somewhat in doubt. For this study, however, the coherer was 
not suitable, as its usefulness in quantitative determinations is 
doubtful. 

In seeking for a suitable non-selective receiver the effect of a 
resistance on the selective qualities of a resonator was investigated. 
If to the thermo-junction at the center of a Klemencic receiver’ a 
large resistance be added, or if we employ a bolometer wire * of high 
resistance to measure the energy received, the resulting damping 
might be expected to prevent resonance.‘ This was tested by intro- 
ducing near the thermo-couple short resistance wires of platinum, 
.045 mm. to .000 7 mm. in diameter, and “ tuning,” that is, measuring 
the energy for different receiver lengths. Although this resistance 
was varied from Oto 500 ohms, this method did not give a non-selec- 
tive receiver, since all the curves indicated a marked resonance of 
some kind. With a resistance of 500 ohms the energy received in- 
creased from 65 per cent. to 100 per cent. as the length of the re- 
ceiver was shortened from 17 to 7 centimeters, decreased to 75 per 
cent. at 5.5 centimeters, and rose again to 100 per cent. at 3.5 centi- 
meters. Again, with 150 ohms theenergy dropped from 100 per cent. 
at 7 centimeters to 45 per cent. at 45 centimeters, and similar results 
were obtained with resistances of 25 and 70 ohms. Since the 
change for a receiver with no resistance added to the thermo-junc- 
tion is not more than 75 per cent. between the lengths 14 centi- 

1]. G. Bose, Phil. Mag., 43, 60, 1897; G. F. Hull, 7. ¢., p. 238. 
21. Klemencic, Wied. Ann., 45, 78, 1892. 


3’ Rubens and Ritter, Wied. Ann., 40, 58, 1890. 
*W. P. White, PHys. REv., XXV., 138, 1907. 
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meters and 5 centimeters, we see that the introduction of large 
resistances does not greatly increase the non-selectiveness. 

To explain this result we need only consider the independent 
resonance of the two antennz or wings, between which lay the con- 
striction consisting of the thermo-couple and the added resistance. 
When these wings were of proper length for individual resonance, 
the current passing between their adjacent ends through the con- 
striction was a maximum, the action being very similar to that of 
the thermo-electric receiver employed by Lebedew in his work with 
l 


short waves.' Thus the effect of increasing the resistance at the 


center was simply to split the single resonator into two, each of 
which possessed all the qualities of resonance. 

The form which was finally adopted consisted of a Klemencic 
receiver, the length of which was ten or more times that of the aver- 
age “tuning,” or resonance length corresponding to the wave- 
lengths measured. The non-selective action of this arrangement is 
due to two causes. First, the absence of standing waves because 
of the rapid damping of the exciting wave, which has entirely ceased 
to affect the receiver by the time the first impulse has returned to 
the thermo-junction after reflection from the freeends. And, second, 
the overlapping of the broad resonance maxima of neighboring wave- 
lengths, which differ but little. For example, a receiver 70 centi- 
meters long corresponds approximately to multiple tones of the 
wave-lengths, . .. , 6.5, 7.0, 7.6, 8.5, 9.4, 10.8, etc., centimeters, 
the lack of sharpness in the resonance, which is also due in part to 
the large damping in the incident wave, preventing any selective 
action. For the same reason a receiver whose length is very short 
compared with the resonance length should be non-selective, but 
in this case we should lose the advantage gained by the absence of 
standing waves, which is probably the chief factor in the success of 
the long receiver. 

To prove the non-selectiveness of this new form by showing the 
absence of resonance maxima, a “‘ tuning curve’’ was taken, varying 
the length of receiver from 110.0 centimeters to 3.0 centimeters. 
The result is shown in Fig. 1. No appreciable resonance could 
be observed until it was shortened to 27 cm., five times the funda- 


1 P, Lebedew, Wied. Ann., 56, 3, 1895. 
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mental resonance length, when a small maximum appeared (C). 
At three times the resonance length a sharper maximum was 
found (4), and at the resonance length (A) the resonance was very 


marked, the energy being six times that received with the greater 
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Fig. 1. 


lengths. Thus beyond the first three maxima we have practically 
no resonance and still retain about 20 per cent. of the energy. 

A further test was made by attaching capacities to the ends of a 
receiver, 58 centimeters long. As these capacities were diminished 


the energy received steadily increased without maxima or minima. 


3. DeErTatts OF APPARATUS. 





Receiver. — The arrangement of the non-selective receiver is 
shown in Fig. 2. The two collinear antennz, or wings 44, were 
strips of copper foil, 0.15 mm. thick, 3 mm. (a) 

Ce ae aia ; re. ‘ , B A B 
wide, and 35 cm. long, making the total ¢ a 
; : a t...C TCU 
length of the receiver 70 cm. A wooden Cc 
support Z held the wings in position, their 6) Aa 
inner ends, which were I mm. apart, being Ww 
Fig. 2 


attached to a wooden block A, glued to the 
support, while their outer ends were drawn tightly over similar blocks 
&. Care was taken to avoid bringing any dielectric into contact with 
the copper strips between the center and the ends, and to make 
them uniform. The effect at any point of a discontinuity of the 
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dielectric or of the metal would be a reflection of the current, pro- 
ducing there a loop of potential and giving the system a resonance 
period. For this reason the block dA was made as small as pos- 
sible, I cm. 

The thermo-couple joining the inner ends of the wings was made 
of commercial! iron and constantan wires, .04 mm. and .025 mm. 
in diameter, respectively, or, when a greater sensitiveness was re- 
quired, of platinum and constantan wires of smaller diameter. The 
arrangement of the lead wires originally used by Klemencic ' was 
found more satisfactory than that employed by recent writers.?_ In- 
stead of attaching the leads from the galvanometers to the free 
ends of the thermo-couple wires, they were connected directly to 
the lower side of the wings, WV (Fig. 2, 4). The thermo-couple 
wires C were then simply short pieces of wire soldered to the 
wings, and bent around one another, so that they remained in con- 
tact. The junction between them was made permanent by solder- 
ing, or by an electric weld. This method of connecting the leads 
makes the construction much simpler, and renders the junction less 
liable to breakage when jarred, than if the relatively heavy lead- 
wires were attached directly to the fine wires. Furthermore, it 
makes possible the use of very thin wire in the thermo-element. 
For very sensitive receivers a platinum-constantan couple of wire 
about .0045 mm. in diameter was used. The platinum was ob- 
tained from platinum-cored silver wire. For the constantan a piece 
of the commercial wire, .025 mm. in diameter, was dissolved by re- 
peatedly dipping into warm concentrated nitric acid, until a finely 
pointed end was obtained. With the aid of a binocular microscope, 
this was soldered to one of the copper strips with the pointed end 
extending about 0.5 mm. _ The platinum wire, soldered to the sec- 
ond strip with about 1 mm. free, was then bent so as to make a spring 
contact with the end of the constantan, and the two metals were 
welded together by passing a very small electric spark to the cop- 
per wings. The sensitiveness of such a junction was about fifteen 
times greater than one made with the larger iron and constantan 
wires with a welded junction. 

11. Klemencic, Wied. Ann., 42, 416, 1891. 
21. Klemencic, Wied, Ann., 45, 78, 1892. 
3 Fountain and Blake, PHys. REv., XXV., 257, 1907. 
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The two methods of arranging the lead wires were compared, 
but no difference was found either in the energy received or in the 
resonance length of the receiver. 

The use of the non-selective receiver greatly increased the difficulty 
of measurement. In all this work a control or “‘check”’ receiver,' 
placed near the vibrator, was used to eliminate the errors due to 
the variations in the emitted energy. The result of any reading 
was then the ratio of the galvanometer throw, due to the non- 
selective or ‘‘main’”’ receiver, to that obtained simultaneously from 
the check receiver. However, due to the differences in the charac- 
ter of the energy sent out by the vibrator, this ratio was not 
constant for any given arrangement of the apparatus,’ the variation 
being very much larger with a non-selective main and a tuned check 
receiver, than with two similar receivers in resonance with the 
emitted wave-length. A non-selective check similar to the main 
receiver was tried, but it proved more convenient and satisfactory 
to have the auxiliary receiver tuned. To eliminate the errors due 
to the ‘“‘ change of ratio,’ the method of alternation was used, in 
which every second reading was taken with the apparatus in a 
standard condition. For example, when the position of a maximum 
or minimum in an interference curve was to be determined, alternate 
readings were taken on each point and some point of reference, 
chosen preferably near the maximum or minimum in question. The 
height of the different parts of the curve was thus given in terms of 
the height of the standard point, free from the error due to the 
gradual change of ratio. Two or three alternations were usually 
sufficient to accurately determine any point. 

Interference Apparatus. — The arrangement of the interference 
apparatus is shown diagrammatically in Fig. 3 (a, plan; 4, eleva- 


” 


tion). The “collecting’’ mirrors J7 and J, at the foci of which 
were, respectively, the vibrator V and the receiver X, were cylin- 
drical-parabolic with horizontal axes, apertures 70 by 72 cm., and 
focal-length 36.0 cm. Mirrors of other types and dimensions de- 
scribed later were also employed. The two movable plane inter- 
ference mirrors 2 were of plate glass, 76.0 cm. wide and 38 cm. 
1 Klemencic and Czermak, /. c. 
? Blake and Fountain, PHys. Rev., XXIII., 261, 1906. 
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high, covered with tin-foil. Each was fastened with three adjusting 
screws to a vertical carriage /, with horizontal arms 4, sliding on 
a rigid frame /. Millimeter scales on the arms and indexes on the 
frame measured the position of the mirrors. The adjustment of the 


planes of the mirrors was carefully tested with a plumb-bob and a 
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steel straight edge, as it was found that accurate alignment was 
very essential for correct results. The angle between the incident 
-1 


and reflected beams was 15° 30’ = 2 cos .gg2, so that the actual 
x 2 9 


greater than that indicated 


difference of path was about one per cent. 
by the scale. 

The main receiver (non-selective) R was mounted ona stand so 
as to permit readily altering its height by a measured amount. The 
check receiver C was fixed above the vibrator on a level with the 
top of the collecting mirror, as it was found that 9 per cent. of the 
energy in the direct beam was absorbed, when it was placed in 
front of the source. To facilitate changes in its length, it was made 
with detachable wings. 


The galvanometers and the method of using them were similar 
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to those described by Blake and Fountain.’ The energy received 
by the check was measured on a du Bois-Rubens instrument, with 
a sensitiveness 4 x 107° volts, and for the main receiver a galvanom- 
eter was used of the type designed by Nichols and Williams,’ 
with a sensitiveness 2 x 10~* volts. The half-period of each gal- 
vanometer was 2.8 seconds. 

Vibrators. —Two different types of vibrator were used in this 
investigation, the cylindrical or ‘‘ rod’’ vibrator,® consisting of two 
metal cylinders placed end to end and separated by a very thin film 
of oil, and a modified form of Righi vibrator. The former was 
selected as more suitable for an extended study, as it lent itself 
more readily to exact measurement, the conditions affecting its 
action being easily determined and controlled, as is not the case 
with the Righi or other similar forms. A convenient shape was 
arbitrarily chosen, which we shall call the “‘ standard rod vibrator,”’ 
and to which all the measurements of wave-length will be referred. 
Eight different sizes were used in which all the essential re/ative 
dimensions, including those of the supporting dielectric, were main- 
tained constant. (See Table I., columns 1-5. The numbers 1-8 
in column 1 will be used to refer to the individual vibrators.) The 
proportions between the dimensions are given in the following 
scheme (cf. Fig. 4): 

Total length of vibrator (/) = 8 x diameter (¢). 

Length of dielectric (s), parallel to the axis of the cylinder, and 


2 


consisting of 1 part oil, 2 parts wood-fibre = } x diameter. 





Width of dielectric (zv), perpendicular to the axis = 3 x diameter. 

The details of the construction of the rod vibrator are given in 
Fig. 4, a, 4, ¢. 

The circular brass rods # (Fig. 4, @ and c) were cut off plane 
at their free ends, while into the inner ends of each a steel sphere 
of the same diameter was set in such a way that only one hemi- 
sphere was exposed. The spheres were soldered into their sockets, 
being removed and again soldered into place, whenever fresh spark- 

1 Blake and Fountain, /. ¢., p. 259. 

? Nichols and Williams, PHys, Rev., XXVII., 250, 1908. 

3Cf. A. D, Cole, Puys., Rev., IV., 55, 1896; K. F. Lindman, Ann. d. Phys., 7, 
826, 1902. 


*Cf, Willard and Woodman, /. c¢. 
: 
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ing surfaces were required. The rods were supported by fitting 
them into holes drilled in wood-fibre plates /, which were attached 
to the upper ends of two flat wooden strips IV, 35 cm. long, the 
lower ends of which were fastened rigidly to a wooden block J/. 
The wood-fibre screw S served for the rough adjustment of the 
length of the “ oil-gap,’’ as we shall call the distance between the 
hemispherical ends of the rods. For the final adjustment the brass 
screw and nut A were employed. The effect of these was to 
spring together the two strips of wood and force apart the rods, 
the screw S acting as the fulcrum of a long lever. As the length 


of the oil-gap used was very small (.03-.07 mm.), such a delicate 
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Fig. 4. 


adjustment was necessary. To facilitate changing the size of the 
rods used in the vibrator, the wood-fibre plates / were made to 
accommodate six sizes, ranging from 0.24 to 0.79 cm. in diameter, 
being carefully tapered to keep the dielectric in its proper propor- 
tions (4, Fig. 4). To bring any desired set of holes into the focus 
of the collecting mirror, the block J7 was made to slide against a 
vertical stop V on the fixed supporting frame, a set screw Z clamp- 
ing it in the proper position, indicated by a scale. 
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The copper wires A, terminating in small knobs, were connected 
to the terminals of an induction coil which supplied the current to 
the vibrator. Except for a few millimeters, these wires were nearly 
vertical, so that they were approximately perpendicular to the elec- 
tric force. The length of the ‘air gaps’’, a, was 7 mm. for all the 
rod vibrators, this dimension, as will be shown later, having no effect 
on the wave-length emitted. The axial position was selected for 
them, to avoid the fouling due to the decomposition of the oil stray- 
ing from the center. When they were placed near the dielectric, 
they were soon choked by a carbon deposit, and the action of the 
vibrator became very irregular. The induction coil was operated 
on alternating current, 110 volts, 5-7 amperes, and was capable of 
a 3. cm. spark.’ 

The oil portion G of the dielectric was unenclosed, except on 
two sides by the wood-fibre plates. This was made possible by 
using a continuous flow from the nozzle /, connected by a glass 
tube to a reservoir O (Fig. 3, 6). The escaping oil was caught by 
wooden troughs 7 and collected in a receiving jar. This arrange- 
ment was of great advantage, since it enabled the observer to ex- 
amine or clean the sparking surfaces without dismounting the vibra- 
tor. Furthermore,it was necessary that the gap be in view at all 
times, so that its length could be regulated and kept nearly con- 
stant. During the earlier part of the work the oil-gap was meas- 
ured by a microscope with a micrometer eye-piece, but it was later 
found possible to adjust it with sufficient accuracy from the ap- 
pearance of the spark in the oil. 

It should be emphasized that all the measurements described in 
this paper refer only to vibrators with o7/-gaps /ess than 0.1 mm. in 
length. This is important as an air-gap at the center in place of the 
oil-gap, or an oil-gap several millimeters in length? introduces new 
conditions, and such vibrators should therefore be considered in 
another class. 

Sources of Error in Wave-length Measurements. — The measure- 
ment of wave-lengths by the system of mirrors described above is 
attended by several difficulties and sources of error. Among the 


1 Blake and Fountain, /. ¢., p. 258. 
2Cf. W. R. Blair, PHys. REv., XXVI., §7, 1908. 
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most important of these is the disturbing action of the collecting 
mirrors, especially when a non-selective receiver is used. 
point is of considerable importance in all measurements of this 


nature, the results of an extended study of “ mirror action”’ will be 


briefly described. 


terference apparatus will for convenience be designated by the letters 


A-F, in the following way : 


Type of mirror. 


A Spherical. 

B 

“e Cylindrical-parabolic. 
D se = 

vs ee % 





[i isa Mn 


The different collecting mirrors tested in the in- 


WOODMAN. 
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Aperture. Focal length (cm.). 
50 cm. — circular. 19.1 
50cm.— * 18.8 
70 < 72 cm. — rectangular. 36.0 
70 72 cm. “ 50.0 
50 & 72 cm. — “ 50.0 


In the first stage of the investigation the spherical mirrors A and 


B were used with very unsatisfactory results. 


In nearly every 
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action of the mirrors can be illustrated best by a typical curve ob- 
tained under these conditions (see Fig. 5,4). Here the most notice- 
able features are the displaced maxima and minima, which indicate 
values of the wave-length, 14.4 cm. and 12.8 cm., respectively. The 
correct value, as determined by later experiment, was about 18.0 
cm., the true position of the maxima and minima being indicated 
on the curve by arrows. It will also be observed that the maxima 
are considerably flattened, and that on the left hand side a double 
crest appears. With the cylindrical-parabolic mirror C, of double 
the focal length, and the spherical mirror # for vibrator and re- 
ceiver, respectively, correct results were obtained for wave-length 
values less than 13.0 cm. For larger values the curves were ex- 
tremely irregular with multiple maxima and minima. This is shown 
by the curve a, in Fig. 5. The true wave-length was about 24 cm., 
the arrows indicating as before the proper position for the maxima 
and minima. The distortion is due in part to other causes, such as 
the large difference in path between the two portions of the reflected 
beam, which tends to flatten the maxima. For purposes of com- 
parison a normal wave-length curve free from mirror action is shown 
in Fig. 5, ¢. 

With both mirrors of the cylindrical-parabolic type C, the wave- 
length curves were much more regular, and this combination was 
used for the greater part of the measurements on which this study 
is based. While it was evident that the disturbances were not 
wholly avoided, they were small and their effect could be largely 
eliminated by averaging the results over a great range of wave- 
lengths. As we shall see later the wave-lengths greater than 14 
cm. were measured with errors of three or four per cent. For 
wave-lengths greater than 18 cm., the large difference in path made 
the maxima indeterminate, and in such cases only the minima could 
be used. 

That the results for the shorter wave-lengths were not affected 
appreciably by the mirrors of the type C, was shown by comparing 
the results for a given vibrator with several different combinations 
of mirrors. With vibrator 5 the mirrors A and B gave a wave- 
length 11.6 cm., about five per cent. lower than the correct value, 
12.2 cm. But with the combinations C and C, Dand D, and & 
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and £ (see Table I., VII.-XI.) the values of the wave-length were 
approximately the same, showing that neither the change of focal 
length from 36 to 50cm. (cf. C and JY), nor the change in the 
height of the aperture from 70 to 50 cm. (cf. D and £) affected the 
results. With the mirrors C and # behind the vibrator and the 


receiver, respectively, the same value for the wave-length was 





obtained (VI.), proving that the use of the spherical mirror behind 
the receiver was permissible for wave-lengths less than 13 cm. 
Combinations C and #, and C and C were again compared with a 
vibrator emitting a wave-length of 10 cm., with the same result. 

No complete explanation can be given for this peculiar action of the 
mirrors. It seems to depend principally upon their focal length, 
but it is also closely related to their form. The investigation of the 
phenomenon proved very complex, and in this study no attempt 
was made to push it further than was necessary to find mirrors which 
would give results free from such disturbances. 

As will be seen later, the measurements made to determine the 


resonance lengths of receivers are also subject to mirror action, and 





in general this must be true of all measurements made with short 
l 


waves. In a number of earlier investigations’ the focal length of 
the mirrors used has been less than a single wave-length, and there 
the mirrors undoubtedly influenced the beam sent out from the 
combination of vibrator and mirror. However, the error produced 
was probably not of as great importance as would at first appear, 
since the effect of short focal lengths would be to give the emitted 
beam a definite “‘ wave-length,’ which was determined by the focal 
length rather than by the nature of the vibrator, especially if the 
focal length differed but little from an odd multiple of the quarter 
wave-length of the vibrator. Nevertheless, the influence of the 
mirrors must be considered, whenever they are used, if satisfactory 
results are to be obtained. 

The symmetry of the apparatus was found to be of very great 
importance in obtaining correct results. The two collecting and 


ened 


D> 


the two plane interference mirrors should be adjusted and ali 
geometrically with great care. But it proved to be of much greater 
importance to so adjust the apparatus, that an equal amount of 


1Cf. Willard and Woodman, /. c.; Blake and Fountain, 7. c. 
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energy was reflected from each of the plane mirrors in its zero 
position. Failure to observe this precaution resulted in errors in 
measuring the wave-length, with tuned as well as with non-selective 
receivers, of five or more per cent. when this difference of energy 
was thirty to forty percent. The test of this symmetry could be made 
by alternately removing one or the other of the mirrors and thus 
measuring the reflected energy from each, but it was more conveni- 
ent and satisfactory to use an oblique deflecting screen D (Fig. 3) 
to intercept the upper or lower half of the beam. Usually, any dis- 
symmetry could be eliminated by a slight vertical movement of the 
main receiver. In some cases the height of the vibrator was altered 
by a few millimeters, and in one or two measurements a metal screen 
was used to cut off some of the energy near the edge of the beam. 

The ‘“ shadowing” of one mirror by the other’ was avoided by 
having both the vibrator and receiver in the same horizontal plane 
with the dividing line between the interference mirrors. The side- 
wise shift of the reflected beams, when these mirrors were displaced 
from the zero position, resulted in some error, but this was small 
because of the small angle between the incident and reflected beams, 
and was still further reduced by the use of cylindrical mirrors 
focusing on the long non-selective receiver. When measuring 
large wave-lengths the center of gravity of the mirrors was kept 
nearly constant, to minimize the dissymmetry of the reflected beam, 
but even then wave-lengths greater than 20 cm. could be determined 
from the first minima only, as the maxima became indefinite. 

In judging whether or not a wave-length curve was correct, the 
following criteria were employed: first, the maxima and minima 
should be well defined and single — in general the curve should be 
smooth and symmetrical; secondly, the wave-length determined 
from the maxima (A and £, Fig. 5, c) should agree with that 
found from the minima (£ and JY), within one or two per cent.; and 
thirdly, the central or principal maximum (C), corresponding to no 
difference of path, should not be displaced more than one or two 
millimeters. These criteria were not in themselves sufficient for 


correct results, but they were usually necessary, and hence served 


as guides, 


1 Willard and Woodman, /. ¢., p. 12. 
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Definition of the Wave-length. — The quantity which we shall call 
the wave-length in these measurements was determined by averaging 
the two values found from the distances between the central maxi- 
mum on the interference curve and the first maxima on either side, 
and the single value found from the distance between the first min- 
ima on either side. Thus, referring again to Fig. 5, c, we have 
A4=3(CA+ CE+ AD). Greater weight is given the determina- 
tions from the maxima, as they are somewhat more accurrate than 
those based on the minima, since in the latter the errors are doubled. 
The distances AS and DE were not used, for averaging these values 
with the others would result in losing entirely the advantage gained 
by the use of the minima. Maxima and minima for differences in 
path greater than a single wave-length were not determined, as with 
a non-selective receiver they were very indefinite. Furthermore, 
they would depend upon the nature of the wave-train within the 
second wave-length, while with these highly damped radiations only 
the first wave-length is of importance. Hence, the wave-length is 
practically the distance between the first two crests in the wave- 


train emitted by the vibrator. 


4. Wave-LeENGTHS EMITTED By VIBRATORS. 

Rod Vibrator. — The results of the measurements of the wave- 
lengths emitted by the ‘“‘standard”’ cylindrical or rod vibrators are 
tabulated in Table I. In the sixth column the Roman numerals 
are used to designate the individual determinations. In the seventh 
and eighth columns are given, respectively, the wave-lengths meas- 
ured, and the ratios of the wave-lengths to the lengths of the vibrator 
(A+). In the last two columns the collecting mirrors used in 
the determination are indicated by the letters d—Z, the meaning of 
which has already been given. 

Fig. 6, a, gives these results in graphical form, the abscissas 
representing vibrator lengths and the ordinates wave-lengths. The 
curve is a straight line passing through the origin, showing that the 
wave-length is in exact proportion to the dimensions of the vibrator. 

The mean value for the ratio 4 + / for the eight vibrators is 2.40. 
In computing this, the determinations I. and II. were omitted, since 
the conditions under which they were taken were unfavorable. It 
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will be noticed that the values for the determinations XII. and 
XIII. lie on either side of the mean value, the variation amounting 
to about three per cent. This was due mainly to the disturbing 
action of the mirrors, which as we have already seen becomes more 
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Fig. 6. 


effective as the wave-length increases. However, the two errors 
very nearly balance one another, so that their mean value seems 
practically independent of the mirrors. 

As mentioned before, the wave-length of vibrator 5 was deter- 
mined with four different combinations of collecting mirrors, other 
than 4 and B, all of which give approximately the same values, the 
average of the six determinations VI.-XI. being 2.42. The wave- 
length of vibrator 8 (XIV.) was determined from the minima of 
the interference curve, since the maxima became indefinite for such 
large differences in path. 

Conditions Affecting the Wave-length of the Rod Vibrator. — The 
results just described are of two-fold importance ; first, because they 


prove a linear relation between the dimensions and the wave-length 
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of a vibrator with constant ve/ative dimensions ; and second, because 
of their statistical value. They enable us to obtain any desired 
wave-length by constructing a vibrator whose form and dimensions 
are given by the four relations (cf. Fig. 4); 





TABLE I. 
Dimensions of Vibrators. Mirrors. 
: Wave- Wave- 
Vibra-| "Rods ¢ | d#SPESE of Dic- | Hength length =F | | Re. 
tor. 1 lectric mina- (cm.) brator. ceiver. 
Inches. cm. (cm.) poorhg tion. 
I 2 3 4 5 6 7 8 9 10 
1 0.24 1.90 0.4 I. 4.38 |(2.31);| A B 
2 0.32 2.50 0.5 II. §.78 '(2.31)| ¢ B 
3 ; 0.40 3.20 0.6 I11. 7.60 2.38 c B 
ae sie 3.22 0.6 IV, 7.91 2.45 & ¢ 
+ 3 0.48 3.80 0.7 V. 8.96 2.36 ¢ B 
5 : 0.64 5.08 1.0 VI. 12.15 2.40 “3 B 
- ™ - 5.10 _ Vii, 12.30 2.41 Cc c 
“ 5.10 “ VIII. 12.25 2.40 C c 
- - "7 5.08 a IX. 12.15 2.39 ( ¢ 
- ” “ 5.05 * X. 12.27 2.43 D D 
as - ” 5.05 ” xi. 12.40 2.46 E f 
6 E 0.80 6.55 12 XII. 16.15 2.46 < ( 
7 ; 0.96 7.78 1.5 XIII. 18.18 2.33 ( ( 
8 } 1.27 10.25 1.9 XIV. 24.60 2.40 ( ¢ 
Mean 2.40 


[= 8d = 1,85 = §w 
A= 2.40/, 
[a =7mm. Oil-gap <0o.1 mm.]. 


The relative dimensions of our standard vibrator are, however, en- 
tirely arbitrary, having been chosen for simplicity and convenience. 
For this reason a studv of the rod vibrator was undertaken to deter- 
mine approximately how the wave-length varies with varying rela- 
tive dimensions and other conditions, thus enabling us to compute 
the wave-lengths for vibrators of other than the standard form. 
Vibrator 5 was used for this purpose, with the apparatus and non- 
selective receiver as before. To facilitate the measurements only 
the minima of the interference curves were taken to determine the 
wave-length, as it was found that this brought in no considerable 
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error. The work was divided into three parts; determining the 
effect of varying, 

1. The position and size of the air-gaps. 

2. The length of the dielectric. 

3. The ratio of the diameter to the length of the vibrator. 

No change of wave-length was observed as the air-gaps, lying in 
the axis of the cylinders produced, were varied from 3 to 7 mm. 
With 3.5 mm. air-gaps, perpendicular to the axis of the cylinders, 
and 10 mm. from the oil-gap, unvarying results were obtained. 
The wave-length is therefore independent of the length and position 
of the air-gaps. Earlier work with tuning curves, however, indicated 
a more complex emission ' when the air-gaps were very small. This 
will be shown to better advantage later, in the discussion of the 
Righi vibrator (see Fig. 84). 

As was to be expected, the length of the supporting dielectric at 
the center of the vibrator, measured along the axis, has a very ap- 
preciable effect, especially as it approaches the free ends. Without 
altering the metal rods of the vibrator, the dielectric was built up 
symmetrically from the center outwards, by slipping hard rubber 
collars, 2 cm. square, over their free ends. Fig. 6, 4, shows the 
relation found between the length of the dielectric and the wave- 
length. For the sake of computation, the abscissas have been made 
to represent the fraction of the total length of vibrator covered by 
the dielectric, and the ordinates the corresponding percentage change 
in wave-length. The curves show that the dielectric is practically 
ineffective, if its length is less than one fourth the total length of 
the metal, but that the effect becomes more and more marked for 
larger values. 

The relation between the wave-length and the diameter of the 
rods, for a given length of vibrator, is shown in Fig 6, c, in which 
the abscissas give the ratio of the diameter to the length (d + /), 
and the ordinates the percentage change in wave-length, 100 per 
cent. corresponding to the standard condition d+/=0.125. The 


curve is a straight line and may be represented by the equation, 


100 JA +i = 60(d +/— 0.125), 


1Cf. K. F. Lindman, /. c. 
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where JA is the actual change of wave-length. In this determina- 
tion five sets of rods were used, with diameters ranging from 0.48 
to 1.27 cm. The total lengths of the vibrator and of the dielectric 
were kept constant at 5.08 cm. and 0.8 cm., respectively. 


If the straight line in Fig. 6, ¢ be prolonged, it cuts the axis of 





zero diameter at JA = — 7.5 per cent., or in the unreduced coordi- 
nates atA=11.4 cm. The length of the vibrator being 5.08 cm., 
we find the limiting value of the ratio of the wave-length to the 
vibrator length, as the diameter approaches zero, to be 11.4 + 5.08 
= 2.2 

Within reasonable limits, we should now be able to calculate the 
wave-length of any rod vibrator from its dimensions alone, using 
the relation 4 = 2.4/, found for the standard form, and the correc- 
tions for the dielectric and the diameter, just described. For ex- 
ample, the calculated wave-length for a vibrator with the dimen- 
sions /= 4.2 cm., d= 0.40 cm., s = 0.55 cm. is 9.9 cm., the cor- 
rection for @~+/ being — 2 per cent., and for s+/, oO per cent. 
The experimental value for this vibrator was 9.6 cm., but the inter- 
ference curve was irregular, the indications being that this was 
somewhat low, so that the calculated value is probably more nearly 
correct. 

The effect of varying the length of the oil-gap was not investi- 
gated with this type of vibrator, but the question will be discussed 
in the following section of this paper, when the results of a similar 
study with the Righi vibrator are described. 

Wave-length of a Right Vibraior.— For the purpose of obtaining 
further statistics of the relation of the wave-length to the dimensions 
of vibrators, a Righi vibrator’ of special form and construction was 
next studied. The arrangement and dimensions of the eight sizes of 
vibrator used are given by Fig. 7,and Table II. The steel spheres 
S rested in shallow ground sockets in the ends of glass tubes 7: 
The weight of the larger spheres was sufficient to keep them steady, 
but to hold the smaller sizes in place, it was necessary to use air 
suction, obtained by connecting an aspirator pump to the lower ends 
of the glass tubes. No oil vessel was used, the layer of oil O sep- 
arating the spheres being maintained by a constant flow from a glass 


1 Cf. Willard and Woodman, /. c., p. 2. 
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tube /, connected to a reservoir, while the wooden troughs Z col- 
lected the escaping oil into a suitable receptacle. The adjustment of 
the length of the oil-gap was made by springing the glass tubes by 
means of the link P and the turn-screw A. A wooden clamp &, 3 
cm. below the spheres, held the tubes rigidly apart at a fixed 
distance, and rendered the system stiff against vibration. Acting 
as a fulcrum, it further served to reduce the motion of the spheres 








Fig. 7. 


due to the screw A, thus making possible a very small change in 
the oil-gap. The air-gaps were placed in the axis of the vibrator, 
and were 6 mm. long for all sizes. 

This peculiar form of the Righi vibrator was found to have very 
great advantage over that usually employed, in that it gave a very 
close approximation to a point source, and made the adjustment 
and renewal of the oil-gap very simple. Further details of its use 
will be given in a subsequent paper. 

The dimensions for the eight sizes of the ‘‘ standard Righi vibra- 
tor,’ as it will be called, are tabulated in Table II., columns 1-7, 
with the corresponding wave-lengths determined with the non- 
selective receiver in column 8, the letters used referring to Fig. 7, 
The constancy of the relative dimensions was not as carefully main- 
tained as in the case of the rod vibrators. This was due partly to 


the necessity of choosing convenient sizes of glass tubes, and partly 
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to the fact that the dimensions of the oil layer could not be kept 
proportional to the diameter of the spheres. With large spheres its 
size is limited by the surface tension, while with the smaller vibra- 
tors the vigorous flow, necessary to wash out the carbon deposit 
from the oil-gap, gave a relatively large layer. Since the variations 
in the relative dimensions of the glass mountings were small, and 
did not greatly alter the amount of dielectric in contact with the 
metal, they may be neglected. 


TABLE II. 
Spheres Oil layer Supporting Rods 
; (cm,). (cm.). . 
Diameter—d ; : : Thick. (¢m-). Remarks. 
Metal. Hei - Width apenas oll waiie 
Inches. cm. w - 
1 2 3 : 5 6 7 8 


$s 60.95 Steel 0.6 0.6 0.60 0.10 6.7. From 1 max. 

} 1.27 e 0.9 0.75 0.60 0.10 8.9 

5 1.59 - 1.0 0.7 0.60 0.10 10.4 

: 1.91 - i 0.8 0.88 0.12 11.4 

i |2.22) Brass; 1.3 0.85 0.88 0.12 12.8 

2.54 Steel (1.35) (1.0) 1.21 0.22 14.7 

3.18 = 1.6 1.2 1.35 0.20 17.8 From 1 max. and 1 min. 
3.81 ” 1.7 1.3 1.35 0.20 20.7. From min. alone. 


~~ 
' 


As shown in Fig. 8, a, the relation between the wave-length and 
the diameter of the spheres, between the limits 4= 7 cm. and 
A = 20 cm., can be represented very well by a straight line with the 
equation 

A= 4.95d + 2.2. 


The intercept 2.2 cm. indicates a large change of curvature be- 
tween 4= 6.0 cm. and A4=0, for we should expect the curve to pass 
through the origin. This discontinuity in the relation between / 
and d is probably due to the increasing size of the oil layer, which, 
as we have just seen, becomes larger and larger relatively to the 
decreasing diameter of the spheres. If the diminution in size were 
continued in the same way, the sphere would eventually become 
entirely immersed in the dielectric, and the relation between A and d 
would then be given by a straight line with a much greater slope. 
We should therefore regard this equation simply as a convenient 
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and close approximation, from which we can obtain, within the 
given limits, the wave-length for any vibrator having the standard 
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Fig. 8. 


For convenience, the dimensions and wave-lengths of the Righi 


vibrators are given in the following compact form : 


m=0.5a 

n= .07da 

¢g =tan-'Z 

A= .35¢d+0.4 
w=.25d+0.4 
= 4.95d + 2.2 


~ 


The effect upon the wave-length of varying the conditions for 
this vibrator was investigated by means of tuning curves, the reso- 
nance length being taken as the measure of the wave-length. As 
already emphasized this method is open to objection, but in this 
case it was found sufficiently accurate. The following conditions 
were studied : 

1. The length and position of the air-gap. 
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ty 


The dimensions and nature of the dielectric between the spheres. 

3. The size of the oil-gap. 

4. The nature of the metal. 

No change in the wave-length was observed as the length and 
position of the air-gaps were altered. During this test the gaps 
were varied from 6 to 1.5 mm., and moved to positions both in 
front and above the vibrator. There was, however, as in the case 
of the rod vibrator, an indication of a greater complexity in the 
emission for the shorter air-gaps of 1.5 and 3 mm., with which the 


tuning curves were less smooth than those taken with 6 mm. gaps 
and showed a greater tendency to develop secondary maxima. 
This is shown very well by the Curves / and //, Fig. 8, 4, 
which were taken simultaneously with air-gaps, 3 and 6 mm. 


long, 


respectively. The latter (//, 4) is much sharper and has a 
well defined maximum, while the former (/, 4) tends to give addi- 
tional crests. Quantitative conclusions, however, cannot be drawn 
from these curves, since their form depends upon the collecting 
mirrors used, as well as upon the character of the emission of the 
vibrator. 

The observations taken with these vibrators show that small 
variations in the dimensions of the dielectric are not sufficient to 
appreciably affect the wave-length. Complete data bearing on this 
point could not be obtained, as the nature of the vibrator prevented 
large variations in the size of the oil layer. Paraffin oil was used 
in the greater part of the work and proved very satisfactory. In 
the earlier measurements olive oil was tried, but because of its 
greater viscosity, the gap quickly clogged with the particles of car- 
bon from the decomposed oil, causing the vibrator to break down 
after a very few discharges. The breaking potential of the olive 
oil was, however, much less than that of paraffin oil, with which it 
was impossible to use gaps larger than .o8 mm., as then the spark 
between the spheres passed through the air instead of through the 
oil. Kerosene was also tried with this vibrator, but its action 
proved irregular and unsatisfactory. No difference in the wave- 
length emitted with the different oils was observed. 

In a similar way the effect of the length of the oil-gap was 


studied by tuning curves. For measuring this length, a micro- 
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scope with a micrometer eye piece was mounted on a long arm, so 
that it could be swung into the observing position in front of the 
vibrator, or out of the beam, at will. The measurement of the gap 
was always made at the beginning of a series of readings, before the 
oil was flowed on the spheres. The results of these observations 
are given by the curve c in Fig. 8, the ordinates representing per- 
centage change of tuning length (7. ¢., also of wave-length), and the 
abscissas the corresponding length of the oil-gap in millimeters. It 
is probable that the dotted line more nearly represents the relation 
than the heavy curve drawn through the observed points, since the 
pitting increases the length of the small gaps very rapidly, so that 
in determining the first point, the average length was about .04 mm., 
instead of .03 mm. as measured. We see, however, that within the 
limits, .03 to .o8 mm., the effect of the gap length is small, and 
need not therefore be accurately determined, which conclusion ap- 
plies also to the rod vibrators, since the effect of the gap is essenti- 
ally the same in both types. Since the limit .03 to .0o8 mm. includes 
all sizes of gaps which can be used to advantage with either type of 
vibrator, this factor was neglected in all subsequent measurements. 
In practice it was found best to regulate the gap by the appearance 
of the spark, as the rapid pitting made micrometer measurements 
difficult and unreliable for long series of readings. This regulation 
was repeated at short intervals, as a large, bright, sputtering action 
at the oil-gap was usually accompanied by large variations in the 
ratios of the energy measured by the two receivers. 

The tuning curves, taken with steel, brass, and aluminium spheres 
in the vibrator, coincided with one another almost exactly, showing 


that the emission was independent of the nature of the metal. 


5. ENERGY AND DAMPING. 

Energy Emitted by the Vibrators. — A study of the energy emit- 
ted by different vibrators leads to some interesting conclusions. 
Much of the data available is not sufficiently accurate for the for- 
mulation of definite relations, because the measurement of the energy 
was complicated by the condition of the sparking surface, the pres- 
ence of carbon particles in the oil, and the varying length of the 


spark gap, of which only the initial value could be determined. 
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We can, however, show approximately how the energy depends 
upon the various conditions and dimensions of the vibrator ; viz., 
its size, the length of the oil-gap and of the air-gaps, and the 
nature of the metal and of the oil. These determinations were 
made on a non-selective receiver, which was taken as measuring the 
absolute energy, or when the wave-length was not changed by the 
variation, a tuned receiver was sometimes substituted. Unless 
otherwise stated the length of the oil-gap will be assumed constant 
in the following relations. 

The energy emitted by a vibrator with constant relative dimen- 
sions was approximately proportional to the square of the wave- 
length. This was true for both types of vibrator, as shown by the 


following tables : 
Rod Vibrator. 


Wave-length, A. Energy. Energy + A?. 
15.8 207 .83 
12.2 114 ar 
9.1 62 Pe 
Be 51 .86 


Right Vibrator. 


Wave-length, A. Energy. Energy + A?. 
17.8 440 1.4 
12.8 210 1.3 
10.4 180 1.7 
8.9 110 1.4 


The energy corresponding to a given wave-length was very nearly 
the same for both types of vibrator. 

The relation between the length of the oil-gap and the emitted 
energy was carefully studied with the standard Righi vibrator. As 
the wave-length and damping were practically constant, the energy 
was measured on a tuned receiver. The results varied considerably, 
but the mean of thirty measurements showed the energy to be in- 
versely proportional to the length of the gap. 

In both types of vibrator the energy emitted was found to be 
practically independent of the length of the air-gaps, within the 
limits 3-7 mm. 

No difference in the energy was observed when spheres of brass 
or aluminium were substituted for the steel. With zinc spheres the 
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energy was much smaller for the same initial length of oil-gap, but 
this was doubtless due to the extraordinarily rapid pitting of the 
soft metal, which caused a decrease of 75 per cent. in the emission 
during the first five discharges. The action of the steel, brass, and 
aluminium spheres was very similar. However, the life of the sur- 
faces of the commercial steel spheres appeared to be somewhat 
longer, and furthermore their high polish and exact form and size 
made them much the best for continued work. 

The energy varied with the oil used in the vibrator. With paraf- 
fin oil it was nearly 30 per cent. greater than with olive oil. This 
was due to the greater potential required to break through the layer 
of paraffin oil separating the sparking surfaces, for as we have seen 
the olive oil has a much lower breaking potential. 

With a constant length of cylindrical vibrator, the energy was 
approximately proportional to the diameter of the rods. 

Damping. — If we assume the wave-train emitted by a vibrator 
to be a simple damped sine wave with the equation e~™ cos 27nt, 
where 7 is the logarithmic decrement, ” the frequency, and ¢ the 
time, we find two expressions for 7, 


E. ; 
y =— nat. log. (2 tio I ) for the first maximum, 


and 
y = — 2 nat. log. ( I—2 zZ) for the first minimum, 
—_ 
£,, £,, and £, being the energy measured by the receiver in the in- 
terference apparatus for differences of path, zero, }/, and A, respec- 
tively. In this way Klemencic and Czermak' found; =.50. In 


their determination the receiver used was tuned to the vibrator, and 
therefore this value of 7 was much too low, as it depended chiefly 
upon the smaller decrement of the receiver. The non-selective re- 
ceiver is not open to this objection since it measures the absolute 
value of the incident energy without regard to its phase.* But 
there is another source of error in determining 7, due to the wrong 
assumption of the form of the wave-train. For if we compare the 
values of 7 found from the two expressions given above, we find that 


1 Klemencic and Czermak, /. ¢., p. 181. 
2Cf. G. F, Hull, 2. ¢. 
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the minima give a value twenty to thirty per cent. lower than that 
computed from the maxima, showing that a damped sine wave does 
not nearly represent the emission. This arises from the fact that 


the damping is due almost entirely to radiation, and we cannot 


or 
> 


therefore express the differential equation for the vibrator in the 


form 


ad 2¢ ad¢ 


+ 2x; 


oe * 


wt +4 ye =o, 

as in the case of damping due entirely to the Joule effect. But ; 
has no real meaning unless it can be defined in this way. We must 
therefore arbitrarily define it as the average value of the two ex- 
pressions given above and regard the sine wave ¢e~”™ cos 2zx/, which 
it determines in connection with the wave-length measurements, as a 
rough approximation to the true wave-form. This is useful as it 
gives an idea of the rate of disappearance of the train. 

Most of the measurements with the non-selective receiver in the 
present investigation are not available for computing 7, since those 
in which the cylindrical mirrors were employed cannot be used be- 
cause of the divergent beam, and many of those taken with the 
spherical mirrors are unreliable. However, among the latter were 
a few curves which appeared to be very nearly correct, and from these 
the following results were obtained : 

From four curves taken with the rod vibrators the average value 
of ; was 1.28. With the Righi vibrator, steel spheres 1.9 cm. in 
diameter, the average of seven determinations gave 7 = 1.30. With 
spheres 0.95 cm., 2.54 cm., and 3.18 cm. in diameter, 7 was 1.48, 
1.41, and 1.75, respectively, but these higher values were no doubt 
due to mirror disturbances, since the curves were all very much 
distorted. Moreover, we should expect the damping to be the same 
for all sizes of vibrator, especially in the case of the cylindrical type, 
in which all the relative dimensions were constant. With 1.9 cm. 
brass spheres 7 was 1.33, with zinc 1.34, and with aluminium 1.28. 
The average for these three metals was 1.32, approximately equal to 
the values for steel, showing that the nature of the metal did not 
affect the damping appreciably." No difference in 7 was found for 
different lengths of oil-gap, up to .135 mm.! 


1Cf. O. Bartenstein, Ann, d. Phys., 29, 245, 1909. These measurements were, how- 


ever, made with a tuned receiver. 
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From the wave-length curves taken with a tuned main receiver, 
the computed values of 7 were approximately equal to 0.50, agreeing 
with the results of Klemencic and Czermak. As already pointed out 
this value for 7 has no real significance, since it depends on the 
damping of the receiver as well as on that of the vibrator. 


6. STANDARD RECEIVERS. 

Description. — We have thus far considered the properties of 
what has been called a standard vibrator. We shall now take up 
the study of the receivers in resonance with given wave-lengths. 
For this purpose a “standard receiver’’ was constructed, with form 
and dimensions arbitrarily chosen, but based on previous experience. 
As in the standard rod vibrator, the essential re/ative dimensions of 
the standard receiver were maintained constant, as its size was 
altered. 

The details of construction are given by Fig. 9. The copper 
wings A were flat strips, fastened with wax to a hard rubber base 
D. Inthe “ constriction gap”’ C between their inner ends was the 
thermo-junction. The contact between the wires was electrically 
welded ; or soldered, if the receiver was subject to jarring. The 
lead wires IV were attached to the wings, as already described in 
connection with the non-selective receiver. The dimensions of the 


standard receiver are given by the following relations: cf. Fig. 9. 


Length of dielectric, s | =} length of corresponding standard rod 
Height of dielectric J vibrator. 

0.104 4 (approx. ;!5 4) = approx. //4. 
Depth of dielectric, 3.0 cm. for all sizes. 
Thickness of wings, 0.015 cm. for all sizes. 
Width of wings, Ww 


Length of constriction, c 


Diameter of thermo-couple wires in constriction: iron, 0.004 
cm. ; constantan, 0.0025 cm. 
As an example, the standard receiver, corresponding to the 


standard rod vibrator 5 (A = 12.2 cm.), had the dimensions /= 5.3 


cm. (from experiment), s = 1.27 cm., w= 0.32 cm., and ¢=0.13 
¥ 


cm., # and ¢ having their usual values. This will be called “‘ stand- 
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ard receiver 5,”’ and this method of designating each receiver by 
the number connected with the corresponding rod vibrator will be 
observed in the rest of this paper. 

Tuning Method,— The first step in determining the properties 
of a standard receiver was to find /, the resonance length corre- 
sponding to a given wave-length 4. This was first attempted by 


' with unsatisfactory results. 


the usual method of tuning curves, 
As mentioned earlier, the process of tuning by determining the 
length of receiver which takes up the most energy, is subject to 
numerous errors and accidental disturbances, which render the re- 
sulting curves uninterpretable. The question is one of very great 
importance in work with electric waves and therefore merits a 
somewhat detailed discussion. 

The first great difficulty met with in these measurements was the 
distortion of the tuning curves by the vibrator and receiver mirrors, 
which were placed facing one another at a distance of 3 meters, and 
served to concentrate the energy from the source upon the receiver. 
This disturbance was especially marked in the earlier stages of the 
work, when spherical mirrors of focal length 19.0 cm. were used. 
In the majority of the curves two maxima appeared, one of which 
depended upon the focal length, and the true resonance maximum 
was displaced, as shown by subsequent tests. <A typical instance 
of this is curve a, Fig. 11, in which the arrow indicates the correct 
position of the resonance maximum. With this mirror system not 
even approximate results were obtained for wave-lengths greater 
than 13 cm., as shown by the tuning curve reproduced in 34, Fig. 
11, taken with a wave-length of 18 cm. It will be seen that the 
resonance maximum, the position of which is marked by the arrow, 
is almost entirely covered up by the large maximum produced by 
the mirrors. Similar results were obtained with two paraboloidal 
mirrors, of focal length 12.0 cm., using a wave-length of 6.5 cm. 
The curves with this system show great variation, having some- 
times two or three prominent maxima, as in Fig. 11,¢c. It should 
be remarked here that these variations may be due, to a small ex- 
tent, to the form of the receiver used, as well as to the mirrors. 


This point will be subsequently discussed more fully. 


1 Willard and Woodman, /. ¢. 
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Smooth curves with single maxima were obtained with two sets 
of cylindrical-parabolic mirrors, of focal lengths 36 cm. and 50 
cm., respectively, for wave-lengths less than 18 cm. However, 
the results obtained from them were inconsistent, the ratio of the 
wave-length 4 (determined by the non-selective receiver) and the 
resonance length / varying from 2.14 to 2.38. With A= 18.7 cm. 
two prominent maxima appeared at 7.0 and 8.5 cm. (Curve /, Fig. 


e~13-% - 1.3-*-13-4 


t 




















Fig. 10. 


11, 2). When the direct radiation and the portion of the reflected 
beam which passed close to the vibrator were eliminated by an oblique 
screen directly in front of the vibrator, a single maximum at 8.3 cm. 


was obtained (Curve //), indicating that the effect of the mirrors was 


to cause interference between the direct and the reflected beams. 
This would account for the simple displacement of the resonance 
maxima, as well as for the double crests. 

To avoid this difficulty a series of tuning curves were taken with- 
out mirrors, with the vibrator and receiver 150 cm. apart and the 
check receiver above the vibrator as before. The results were still 
inconsistent, but agreed within 5 per cent. with the correct values 
subsequently found by another method. One possible cause of this 
variation is seen in the form of the resonance curves (Fig. 11, ¢, 7), 
which are not symmetrical, but very much flattened on the side of the 
longer receiver lengths. This was due to the greater energy taken up 
by the longer receivers, because of their greater length and capacity, 
which is superimposed upon the effect due to resonance. While it 
cannot be said that this flattening actually displaced the maxima, it 
can be readily seen that, since the variation of the energy measured 
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by the receiver as its length is varied by several centimeters is only 
a few per cent., a slight disturbance would be sufficient to displace 
the maximum 5 or IO percent. Experience shows that such dis- 
turbances are present in these determinations and cannot be readily 
controlled. For example, in these measurements the method of 
gradually altering the length of a receiver, while determining its 
resonance length, was to start with the flat wings very long and cut 


gave no opportunity of alter- 


small sections from the ends. This g 


nating on the two sides of the resonance length, to eliminate the error 
due to the change in the ratio between the energies received by the 
main and check receivers.'_ Now this is progressive with the age of 
the vibrator, and in the case which we are considering it was a con- 
tinuous decrease. Hence the maxima of the tuning curves were 
displaced toward longer receiver lengths, the error being very large 
because of their flatness. 

To avoid this difficulty by taking alternate readings on the two 
sides of the maximum, adjustable receivers have been used,’ the 
length of which could be altered at will. This method was tried as 
a substitute for the “clipping”? method just described, but a new 
source of error was found, which caused it to be abandoned. Inthe 
construction of most forms of replaceable wing receivers there occurs 
a discontinuity in the shape or cross-section of the metal wings. 
Now the effect of an abrupt change in the contour of a resonator is 
to produce at that point a loop of potential, introducing a new mode 
into the natural vibrations. Now if the total length is such that this 
superposed period bears a simple relation to the fundamental period, 
that is, if the loop of potential due tothe discontinuity coincides with 
a loop in the normal vibration, the activity of the receiver will be a 
maximum, since the vibrations depend only slightly on the highly 
damped wave exciting them. Experiment showed that this action 
almost entirely covered up the effect of resonance with the vibrator, 
the maxima of these curves depending chiefly upon the position of 
the discontinuity in the resonator. The two adjustable receivers 
tested in this investigation are shown in Fig. 10, a, 6. The first 
consisted of two brass blocks 4, 3 mm. in cross-section, with holes 


1 Blake and Fountain, /. c. 
2Cf. A. D. Cole, Puys. REv., XX., 268, 1905. 
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in their ends, into which the variable wings A (rods I mm. in 
diameter) were inserted, perfect contact being secured by amalgama- 
tion. The total length of the two blocks plus the thermo-junction 
between them was 1.3 cm. With a vibrator correspondiug to a 
resonance length of about 2.5 cm., the maximum of the tuning curve 
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Fig. 11. 


taken with this receiver came at 3.9 cm., three times the length of 
the enlarged part. With Fig. 10, a, is given a diagram of the dis- 
tribution of potential in the vibrating system, showing the loop at 
the point of change of cross-section. Loops at the free ends and a 
node at the center, where the current is measured, are of course the 
normal conditions for maximumenergy. In the second arrange- 
ment, shown in Fig. 10, 4, the adjustable wings A were flat, and 
contact with the permanent part of the receiver was made by press- 
ing them against similar strips 4, fastened to a hard rubber base. 
The total distance between the extremities of the double thickness 
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of metal was 1.6 cm. The tuning length found for a wave-length, 
corresponding to a 5.3 cm. resonance length, was 4.8 cm., again 
three times the length determined by the discontinuity. Similar 
results should be expected for any receiver with discontinuities in 
the dielectric in contact with the metal. These effects are, however, 
very much smaller, and hence could not be observed, but they were 
suspected in the case of the very flat resonance curves which have 
just been described. 


TABLE III. 
Standard. Resonance Length, 
P » ee of . 
R : axima. i , . te 
Vibeoter. Receiver. By a aie sans Giethod. 
I 2 3 4 5 6 7 
7 7 18.7 7.8 8.2 
8.4 and 7.6 8.2 
7.8 8.0 
8.1 (7.85) 2.32 
(mean ) 
6 6 15.8 7.2 and 6.6 7.4 
aoe 67 (7.3) 
6.5 “7.5 (6.95) 
70060 6S 7.0 
72 6|O* 66S 7.0 
7.0 6.9 2.29 
(mean ) 
5 5 12.2 | 5.7 and 5.2 5.5 
5.05 <7] 
5.3 aa 2.30 
(mean ) 


Mean 2.30 


Returning to the tuning curves taken without mirrors by the 
clipping method, it was found that we could obtain the correct reso- 
nance lengths, if we used for their determination the maxima of the 
smooth curves drawn through the points lying on either side and at 
a little distance from the experimental maxima. (See dotted line 
ths 
are givenin Table III., column 5. The first three columns give the 


in Fig. 11, ¢.) The results found in this way for three wave-len 


[ox 
> 


standard vibrators and the standard receivers used, with the corre- 
sponding wave-lengths. In the fourth column the individual maxima 
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of the tuning curves are recorded, in the order of their importance, if 
there are more than one. In the sixth column are given the values of 
the resonance lengths found by the wave-length method, which we 
are next to consider. The last column gives the ratio of the wave- 
length / to the resonance length /, the average for the three receivers 
being 2.30. The ratio corresponding to the wave-length 18.7 cm. 
was found from the value of / determined by the tuning method, as 
in this instance the result by the wave-length method was some- 
what doubtful. 

“ Tuned Receiver Wave-length’’ Method. — As we have just seen, 
the method of tuning could not be used for the investigation of re- 
ceivers, when great accuracy was required. It was therefore very 
necessary that a new method be sought, which would give consist- 
ent and definite results. This was finally found in the ‘tuned 
receiver wave-length’’ method, in which the special form of re- 
ceiver under investigation was put in place of the non-selective re- 
ceiver in the interference apparatus (cf. Fig. 3), and the “tuned 
receiver wave-length”’ Z determined from the resulting wave-length 
curve. Without altering the vibrator, the receiver was then varied, 
and the effects of the change found in terms of Z. In this way it 
was possible to study accurately and rapidly the relations of the 
receiver to the incident wave-length and the conditions affecting its 
action. 

To apply this method to the determination of the resonance 
lengths, the tuned receiver wave-length (Z) was measured for vary- 
ing lengths (/) of the resonator, keeping constant the vibrator and 
all the other dimensions of the corresponding standard receiver. 
The results are plotted in Fig. 12, 7 and //. Curve / gives the 
relation between Z and / for receiver 5, with vibrator 5 (A = 12.2 
cm.). It is a straight line with the equation Z= 1.54/+ 4.0, 
showing that / is not proportional to Z. On the other hand, Curve 
//, taken with receiver 6, and vibrator 6 (A= 15.8 cm.), deviates 
very much from a straight line, largely as a result of mirror dis- 
turbances. A curve similar to // was obtained for receiver 7, with 
vibrator 7 (A= 18.7 cm.). From each of these curves the reso- 
nance length was then found by taking the value of / corresponding 
to L = 4, where / is the true wave-length, found with a non-selec- 
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tive receiver. The results have already been given in column 6, 
Table III., and agree well with the averages obtained from a num- 
ber of the modified tuning curves described above. It will be 


observed that this new definition of resonance length is exactly 
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equivalent to the old, since there it was assumed that the true 
wave-length was measured by a receiver in resonance with the 
vibrator. 

These three curves showing the relations between Z and / appear 
to agree with the results of Willard and Woodman,' who found Z 
to depend upon both the receiver and the vibrator. On the other 
hand A. D. Cole,’ in his study of electric wave receivers found a 
direct proportionality between Z and / and concluded that Z was 
independent of the incident wave-length 4. If we consider the fact 
that the latter measurements were entirely free from mirror dis- 
turbances, it would seem that they were the most reliable, for in 
the present determinations, and probably in those of Willard and 
Woodman, the mirrors affected the results. But in none of these 
determinations are the data complete, or free from errors. We must 


therefore leave the quantitative determination of the extent to which 


1 Willard and Woodman, /. c¢. 


> 


SA. D. Cole, /. ¢., p. 271. 
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the vibrator and receiver influence these measurements to a more 
exact analytical study. 

Effect of Varying the Relative Dimensions. — The curves giving 
the relation between Z and / are of value in the further investigation 
of the properties of receivers. In using the method of tuned 
receiver wave-length curves the results are given in terms of Z, and 
not of 42. As Z depends upon the vibrator, the receiver, and the 
interference apparatus, it has no quantitative significance. How- 
ever, from the data just obtained, we can express our results in 
terms of the equivalent length of a receiver, the other dimensions 
of which are those of one of the standard receivers. This somewhat 
extends the application of the method, but quantitatively its scope 
is still very limited, since Z must not differ much from /, if accu- 
rate results are to be obtained. 

One of its most important applications was in the study of the 
effect of varying the relative dimensions of the standard receiver. 
This was undertaken partly to complete the statistical data which 
was the original object of this paper, but it was even more useful 
because of the light thrown on the question of receiver dimensions. 
The work was divided into four parts, the determination of the 
effect of — 

1. The length of the dielectric along the receiver, s. 

2. The width of the metal wings, zw. 

3. The thickness of the metal wings, ¢. 

4. The length of the constriction, c. 

The variation of the length of the dielectric was studied with the 
standard rod vibrator 6(4 = 15.8), with the corresponding receiver 6 
(/= 6.6, w= 0.4, c = 0.16 cm., s variable). The hard rubber re- 
ceiver base was made in 0.5 cm. sections held together with wax, 
so that its length could be varied from 6.9 to 0.9 cm., without dis- 
turbing the wings or thermo-junction. A thin layer of soft wax 
insured good contact between the metal and the hard rubber. The 
height of the base (1.6 cm.) was not altered, since this dimension 
is not of importance. The results are given in Fig. 13, a, the ab- 
scissas giving in percentages the ratio of the length of the dielectric 
to che standard length of dielectric, and the ordinates the percentage 


change in the tuned receiver wave-length. As in the case of the 
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standard rod vibrators (Fig. 6, 6) no appreciable effect due to the 
dielectric appears, until its length is more than one fourth of the 


receiver length. Inthe dotted curve the corrections given by curve 
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/T, Fig. 12, have been made, and the ordinates now represent the 
wave-length /, on the approximate assumption that 4 = 2.3/. 

The width of the flat wings also proved to be an important factor. 
The effect of varying this dimension keeping the other conditions 
constant is shown in Fig. 13, & Rod vibrator 5 (A= 12.2) was 
used with the corresponding standard receiver § (/= 5.22, s = 1.27, 
¢ =0.13 cm., w variable). The curve is not a straight line, the 
slope increasing as the width is diminished. But it may be repre- 
sented within small limits of variation by the linear equation, 
L=.055¢~+ 94.5, where Z and w are both expressed in per- 
centages of their values for w= 0.32, the normal width for this 
standard receiver. The same test was made with vibrator 6, show- 
ing the same variation of Z with the width, but qualitatively only, 
because of the disturbing effect of the mirrors. 
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The width of the wings was previously investigated by Willard 
and Woodman,’ who could detect no difference between flat strips 
4.6 mm. and 3 mm. wide. Their failure to observe this was due to 
the small variation of width, which as the present results show gives 
only 1.5 per cent. change in Z, too small to be detected by the tun- 
ing method used. 

The effect of varying the thickness (¢) of the wings was found to 
be small. The thicknesses, .06 cm. and .o15 cm., were tried, the 
change being too small to necessitate intermediate determinations. 
With 4 = 12.2 cm. and /= 5.24 cm., the corresponding values of Z 
were 12.42 and 12.18, a variation of but two per cent. for three 
hundred per cent. variation in thickness. This may be represented 
by the equation 150JZ = Jz, LZ and ¢ being expressed in percent- 
ages in the usual way. 

Similarly the variation in the length (c) of the constriction formed 
by the thermojunction was tested (A= 12.2, s = 1.27, w= 0.32, 
/ = 5.23 cm., ¢ variable). The results are plotted in Curve /, Fig. 
13, c. The curve gives the relation between c and Z, expressed in 
percentage of the normal length of constriction and percentage 
change, respectively. This is represented by the linear equation, 
L=.025¢ + 96, or JZ = .0254c. A similar linear relation was 
also obtained with rod vibrator 6 and the corresponding receiver, 
but the slope of the line was very much less than in the first case, 
as shown in Curve //. This difference may be due largely to error 
in determining the latter curve, since mirror disturbances were again 
operative. 

The linear relation between JZ and Jc can be explained by re- 
garding the change in Z as due to the increase of self-induction, 
which is approximately proportional to the change in length of the 
constriction. For if A is the self-induction of the standard form of 
receiver corresponding to the tuned receiver wave-length L =A, x the 
increase of self-induction due to a change in c, and JZ the resulting 
change in Z, we have 


. = K (* . ) 
enV Atta RY RCSA 4a ; 


where X is a constant depending upon the units and the capacity, 


1 Willard and Woodman, /. ¢., p. 7. 
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which remains constant since the changes are all made near the 
center of the receiver. Now for values of c not greater than / + 5, 
the error introduced by neglecting the term containing «* and sub- 
sequent terms is within the limits of the experimental error, so that 
we have practically a linear relation, JZ = Ar + 2V A =const. x c¢. 

Summing up the results obtained with the standard receivers, we 
have, 

L =i = 2.30/, 

for changes in 


length of dielectric, JL=o0, when s</+ 4, 


width of wings, IL = .055 dw, 
thickness of wings, JZ=.00747¢, 


length of constriction, JZ = .025 Jc, 
the variations J being expressed in percentages of the corresponding 


@ these data to 


dimensions of the standard receiver. In applying 
receivers of other than the standard form, it must be remembered 
that the corrections which we have determined are only applicable 
in a very limited range. They should be regarded as a means of 
finding the safe limits of variation from the standard form, rather 
than as quantitative relations from which the properties of any re- 
ceiver could be computed. This limitation is due partly to the fact 
that it is impossible to alter one condition without affecting the others 
to some extent. For example, the effect of the width of the reson- 
ator is closely related to the constriction of the stream lines at the 
center,‘ and on the other hand the lengthening of the constriction, 
by removing the point of convergence of the stream lines farther 
from the center, must affect the influence of the width. We cannot 
therefore make any great departure from our standard conditions 
and still use the data determined in this work. 

Ratio of Length to Wave-length. — By both the tuning and wave- 
length method the value found for the ratio 4 +/ at the resonance 
length was 2.30, which differs from that found by other observers. 
The theoretical values deduced by Poincaré* and by Abraham * were 
approximately equal to 2.00. Macdonald’s* theory gave 2.53, and 

1 Blake and Fountain, /. ¢c., p. 277. 
2? Poincaré, ‘* Les Oscillations Electriques.’’ 
3M. Abraham, Wied. Ann., 66, 435, 1898. 


Macdonald, ‘‘ Electric Waves,’’ p. III. 
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the work of a number of subsequent experimenters appeared to 
confirm this value. Willard and Woodman‘ found that for three of 
the four cases tested this ratio was approximately correct. <A. D. 
Cole’ obtained as an average of five determinations the value 2.52, 
and Blake and Fountain‘ the value 2.47. In all of these determi- 
nations the wave-length was measured by a tuned receiver, so that 
they were subject to the errors of tuning already considered. How- 
ever, even if we assume that the results were free from such objection, 
they have no real bearing on the theoretical conclusions, since, as has 
been shown, the relative dimensions of the receivers used affected the 
resulting ratios, which should have a different value for every dif- 
ferent form of receiver. The theory can only be verified with a 
receiver approximating the conditions assumed, that is, with a non- 
constricted receiver with a diameter or cross-section very small in 
comparison with the length. 

The value of the ratio 4 + / for such a receiver might be obtained 


by extrapolation on the curve (Fig. 13, 4) giving the relation be- 
tween Z and w, but the indeterminate slope between o and 0.5 mm. 
makes this difficult. An infinitely thin receiver was, however, ap- 
proximated by using wings .025 to .037 mm. in diameter, with no 
constricted portion. This was done by extending the iron and the 
constantan thermo-couple wires the full length of the receiver, a 
fine thread attached to the ends holding them in position. With 
{= 5.22 cm., s=1.27 cm., and 4= 12.2 cm., the tuned receiver 
wave-length Z was 11.45 cm., giving the ratio 2+/= 2.20. To 
avoid the error due to the difference between 4 and Z and to elimi- 
nate still further the effect of the dielectric, this measurement was 
repeated with /= 5.50 cm.,s = 0.47 cm.,and4=12.2cm. Lwas 
then equal to 12.18 cm., giving for the limiting ratio of wave-length 
to receiver length, 2 +/=A+/=2.22. This agrees well with 
the limiting value, 2.24, already found for the ratio of the wave- 
length to the length of the rod vibrator, as the diameter approached 
zero. These results fail to confirm either of the theoretical 

values.” 
For free linear resonators, consisting of strips of tin-foil 0.2 cm. 
17, Cc. 


2Cf. O. Bartenstein, 7. c., p. 242. 
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wide and 4.4 cm. long, Blake and Fountain’ found the ratio 
A+/=2.25. This is in good agreement with the present results, 
even though the width may make a slight correction necessary, 
which, however, should be very small since the resonators of these 


observers had no constriction. 


7. SUMMARY. 

Wave-length determinations for short electric waves should be 
made witha non-selective receiver. Measurements depending upon 
tuned receivers are liable to errors arising from the process of tun- 
ing, which in general is very unreliable. 

A non-selective receiver may be obtained by using a Klemencic 
receiver of ten or more times the resonance length. 

If the relative dimensions of a vibrator or of a receiver are 
maintained constant, the corresponding wave-length is directly pro- 
portional to the dimensions. Hence standard forms of vibrators 
and receivers may be selected, for which we may easily compute 
the dimensions for any desired wave-length, if we know from ex- 
periment the wave-length corresponding to any one size. Such a 
vibrator and a receiver were investigated, and their properties de- 
termined : 


Vibrator; 7 = 8d = 168 s= Bw; s= 2.4/. 


Receiver; s = /+ 4 = 4w = 106, etc.; A= 2.37, 


The wave-length emitted by a cylindrical vibrator of given length 
depends upon the extent and properties of the dielectric at the cen- 
ter, and the ratio of the diameter to the length, but not upon the 
nature of the metal, nor upon the length of the air-gaps. The 
length of the oil-gap, if small, was found to have little influence on 
the emitted wave-length. 

The wave-length corresponding to a Klemencic receiver of given 
length depends upon the extent and nature of the dielectric at the 
center, the width and thickness of the antennz, or wings, and the 
length of the constriction at the center. 

A linear relation was obtained between the wave-length and the 
dimensions of a modified Righi vibrator. 


1 Blake and Fountain, /. c. 
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The limiting value of the ratio of the length of a rod vibrator or 
resonator to the corresponding wave-length, as its diameter ap- 
proaches zero, was found to be 2.23. 

The disturbing action of the “‘ collecting ’’ mirrors is very marked 
in wave-length and tuning curves, affecting both the form and posi- 
tion of the maxima and minima. This depends both upon the 
focal length and the type of the mirror. By the proper choice of 
mirrors the resulting error may be avoided in wave-length meas- 
urements, but it is a constant source of difficulty in tuning. Tun- 
ing without mirrors was tried, but in general the process was found 
unreliable, and interference curves taken with the receivers under 
investigation were substituted. 

The damping for both types of vibrator studied was approxi- 
mately 1.3. 

In closing, we wish to thank Messrs. H. W. Farwell, J. L. Wal- 
dron, and C. R. Webb for their assistance in making measurements, 
and especially to express our indebtedness to Professor E. F. 
Nichols, who suggested the problem and gave many valuable sug- 
gestions for its solution. 


PHCENIX PHYSICAL LABORATORIES, 
COLUMBIA UNIVERSITY, 
December, 1908 
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THE BALLISTIC ELECTRODYNAMOMETER AS AN 
INSTRUMENT FOR TESTING IRON. 


By MARTIN E. RICE AND BURTON MCCOLLUM. 


HE great commercial importance of the magnetic properties 
of iron and steel, together with their frequent and often wide 
variation even in samples that have apparently had similar histories, 
makes imperative the frequent and accurate determination of these 
properties wherever electrical apparatus is to be built. The neces- 
sity for making these determinations has led to the development of 
a number of methods for measuring the hysteresis effect in iron. 
These methods may be grouped into four general classes, namely : 
magnetometer, ballistic galvanometer, wattmeter, and special hys- 
teresis meter methods. The wattmeter and the hysteresis meter 
methods are the more rapid ones, but they are subject to numerous 
sources of error that seriously limit their usefulness. In the watt- 
meter method, an eddy current loss that is very appreciable in 
amount and hard to determine even approximately is measured 
along with the hysteresis loss; and the results are rendered still 
more uncertain by uncertainties in the frequency and wave shape of 
the electromotive force applied to the magnetizing coil of the speci- 
men under test. In the special hysteresis meter methods, the value 
of the maximum magnetic flux density and the distribution of the 
magnetic flux in the specimen under test are more or less uncertain. 
Moreover, in both of these methods, another set of apparatus and 
a separate experiment are required for determining the permeability 
of the specimen. The magnetometer and the ballistic galvanom- 
eter methods, if properly carried out, are far more accurate than the 
first two, but they are extremely tedious as they require the taking 
of a long series of readings for each test, the plotting to scale of an 
hysteresis loop, and the measuring of the area of this curve by a 
planimeter before the final result can be calculated. 
The defects inherent in the foregoing methods have led to the 
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development of a new method free from the defects mentioned 
above, the principal instrument used being an electrodynamometer 
specially designed for ballistic work and having a rather long period 
of swing. In developing this method, the objects sought and at- 
tained have been to devise a method that is at once simple and 
rapid in operation and at the same time accurate to a high degree. 
The method herein described will be found to be fully as rapid in 
operation as any wattmeter method, while in accuracy it is on a par 
with the ballistic galvanometer method when carried out in its best 
form.' The ballistic dynamometer may be used for determining 
both the hysteresis loss per cycle and the permeability of a sample 
of iron, thereby requiring but one set of apparatus for both pur- 
poses. Or, the regular ballistic galvanometer method may be used 
for determining the permeability curve. 

The general arrangement of the apparatus and the method of 
procedure will be given first. Next will be given the theory of the 
method and a numerical illustration, followed by comparative re- 
sults showing the degree of accuracy reasonably attainable in 
practice. 

The sample of iron to be tested should be laminated, laminations 
of ordinary commercial thickness being entirely satisfactory. The 
laminz should be separated by sheets of paper to insure that any 
slight eddy current loss will not be unduly increased by conduction 
from one sheet of iron to the next. The laminz may be cut into 
the form of closed rings and a number of them assembled and 
wound by hand, the magnetic circuit in this case being a closed 
one ; or they may be cut into the form of half rings and a number 
of them inserted into ready wound magnetizing and test coils, the 
magnetizing circuit in this case having short air gaps in it. The 
latter arrangement, while not satisfactory for determining the true 
permeability curve, is, however, commercially as good for determin- 
ing the hysteresis loss per cycle and the corresponding value of 
the maximum magnetic flux density. It has, in addition, the ad- 
vantage of enabling many different samples of iron to be tested in 
a short time when the apparatus has once been set up. 


1 «* Limitations of the Ballistic Method for Magnetic Induction,’’ by A. Hoyt Taylor 
Puys. REv., Vol. XXIII., p. 95. 
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To measure the hysteresis loss per cycle, the circuits are ar- 
ranged as shown in Fig. 1. The iron ring Fe is magnetized by 
any desired current which can be adjusted by the battery 4 or by 
the rheostat R% or by both. This current flows in series through 
the ammeter 4, the rheostat RA, the reversing switch S, the mag- 
netizing coil C,, the choke coil Y, and the fixed or field coils Fc of 
the electrodynamometer. The secondary or test coil C, is con- 
nected in series with a resistance Xe and the movable coil J/c of the 
electrodynamometer. Reversing the switch S will cause a ballistic 
deflection in the dynamometer which deflection may be read by a 
telescope and scale in the usual way. It will be shown later that 
W the energy loss per cycle in the iron, corresponding to a mag- 
netizing current /, will be proportional to this ballistic deflection of 


the dynamometer, or 


W= KO, (1) 


where @ is the observed deflection of the dynamometer and A; is a 
reduction factor depending upon the windings of the iron ring and 
upon the dynamometer. The value of A, is to be determined by 
discharging a condenser or a mutual inductance through the dyna- 
mometer as described later under calibration. Thus when the 
reduction factor A, has once been determined, any number of 
measurements of hysteresis loss per cycle may be taken for various 
values of magnetizing current, the loss in each case being calculated 
simply by multiplying the deflection @ by the reduction factor &,,. 

For determining the maximum magnetic flux density by the 
dynamometer method, the circuits are arranged as shown in Fig. 2. 
This description is given for the sake of completeness, on the as- 
sumption that a ballistic galvanometer is not available or that it is 
desired to make the entire test with one instrument, as might often 
be the case in practical work. Maintain in the field coils Fc of the 
dynamometer a separate steady current /’’, adjusted to a suitable 
value by the rheostat RA’. Reversing the magnetizing current by 
means of the switch S gives a deflection in the dynamometer as in 
the case of an ordinary ballistic galvanometer. The value B of the 
maximum magnetic flux density, corresponding to any magnetizing 
current /, is proportional to this deflection, or 


B=K,p", 
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where @’’ is the observed deflection and X, is again a reduction 
factor depending on the dimensions and windings of the iron ring, 
on the dynamometer and on the current /’’ maintained in the field 
coils of the dynamometer. It is to be determined, as explained 
later, by the same calibration as for A, above 











Fig. 1. 














i 


For calibrating the dynamometer, the circuits are arranged as 


Fig. 2. 


shown in Fig. 2, except that the movable coil of the dynamometer 
is connected to a standard condenser instead of to the test coil C,. 
Maintain a steady current /’ in the field coils /e of the dynamom- 
eter and discharge the condenser through the movable coil of the 
dynamometer and note the deflection @#’. If C is the capacity in 
farads of the condenser used and V is the potential difference in 
volts to which it was charged, the complete expressions for the iron 


loss per cycle and the maximum magnetic flux density are, 


respectively, 


, sartrr . . 
WV = —_ d= KG, (3) 
10°r,/’C} T" » 


B= Ke", 


2an,"0" yw 4 
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where II’ is given in joules per cycle and & in lines of force per 
square centimeter, A, and A, are the two reduction factors men- 
tioned in (1) and (2) respectively, and @ and @” are the observed 
deflections in scale divisions. The currents /’ and /” are measured 
in amperes and @” in scale divisions. The other letters not already 
defined have the meanings: 1, is the number of turns in the mag- 
netizing coil C,; , and ~,'’ are the numbers of turns in the test 
coil C, for the arrangements of Fig. 1 and Fig. 2, respectively ; *, 
and ¢,'’ are the resistances in the test coil circuit for the arrange- 
ments of Fig. 1 and Fig. 2, respectively ; and a is the cross sectional 
area of the iron ring in cm’. 

In this way, corresponding values of the hysteresis loss per cycle 
and the maximum magnetic flux density may be quickly and accu- 
rately obtained after a single calibration of the dynamometer, using 
as many different values of magnetizing current / as desired. 

As will be explained later, the dynamometer deflection measures 
in reality the total energy loss in the iron ring and in the secondary 
or test coil circuit. Since the eddy current losses per cycle in the 
iron and in the test coil circuit vary inversely as the time required 
for the cycle, while the hysteresis loss per cycle is independent of 
the time required for a cycle, these eddy current losses which are 
small in any case can be reduced to a relatively very small and 
commercially negligible amount, less than one per cent. of the 
hysteresis loss, by simply increasing the time required for the mag- 
netism in the iron ring to reverse. To accomplish this increase of 
time is the purpose of the choke coil D, which by its choking 
action causes the magnetizing current in C, to reverse very slowly 
when the switch S is thrown over. The loss in the test coil circuit 
is entirely negligible if even a moderately high value of 7, is used. 
If a very high degree of accuracy is desired, the slight eddy current 
loss in joules per cycle in the iron may be calculated approximately 
from the equation ' 


r 


W = 1.645°/B*v10"', (5) 
where ¢ is the thickness of a lamina in cm., v is the volume of the 
iron in cm*., 2 is the maximum magnetic flux density in lines per 
cm’, and / is the reciprocal of the period of the cycle. The half 


' Steinmetz, Alternating Current Phenomena, p. 199. 
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period of the cycle may be determined by noting the time required 
for the pointer of the ammeter A to fall and rise again when the 
magnetizing current is being reversed. Subtracting this value of 
eddy current loss from the total iron loss as given by equation (3) 
gives the true hysteresis loss W, in joules per cycle, 


W. = W— W. (6) 


The mathematical proof of equation (3) is as follows: 
In addition to the letters already defined above, let 
¢ = the total instantaneous magnetic flux in the iron ring. 
¢, = instantaneous counter E.M.F. in the primary or mag- 
netizing coil. 


oO 
D> 


é, = instantaneous generated E.M.F. in the secondary or test 


coil. 


~~, 


= instantaneous current in the magnetizing coil. 
?, = instantaneous current in the test coil. 
K = moment of inertia of movable coil of the dynamometer. 
¢ =aconstant of the dynamometer depending on its wind- 
ings only. 
6 = the constant of torsion of the suspending fiber of the 
movable coil of the dynamometer. 
@ = instantaneous deflection of the moving coil of the dyna- 
mometer. 
w = instantaneous angular velocity of the moving coil. 
7 = instantaneous torque acting on the moving coil due to 
the currents 2, and 2,. 
P = instantaneous power expended in the iron and the test coil. 
W/2 = total energy expended per half cycle in the iron and in 
the test coil circuit. 
We have then in the primary circuit, 


P 
P=et,=ind¢/dt, whencez,= 7) 
"1 het et / 1 n,dg |at (7 
and in the secondary circuit, 
, nag at 
i, = ¢,/7, = = ¢/ ° (8) 
2 2/72 - 


In equation (8) it is not necessary to consider the circuit as induc- 
tive, since its self-inductance is very small compared with its resist- 
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ance and the rate of change of current d,/d¢ is also very small 
because of the long time used in reversing the magnetism in the 
iron, and hence Z,di,/d¢ is negligible compared with ¢,. The torque 
acting on the movable coil of the dynamometer when the switch S 
is thrown over is proportional to the primary current z, and to the 


induced secondary current 2,, or 
T = git. (9) 


Substituting the values of z, and 2, from equations (7) and (8), we 


have 
_ ghudejdt gn, 
7=“ =~ -. ( 10) 
rn,dgat rN, 
Multiplying both sides of this equation by d7¢, we get 
a or 
Tat =-— x Fat. (11) 


Vj, 
The angular acceleration dw/dt imparted by the torque 7 to the 
moving coil of the dynamometer, on the usual assumption that the 
entire discharge takes place before the coil has moved appreciably, 
is given by the equation 


dw/dt = T/K, whence Jat = Kdw. (12) 


Substituting this value of Zd@¢ in equation (11) and integrating be- 


tween limits, we get, 


Via 


2w=w max on wt=~ 
| Kdw = €"3 | Pat. (13) 

a 2°°1¢7t=0 
The first integral in this equation represents the total angular mo- 
mentum of the moving coil of the dynamometer at the instant 
when the secondary discharge has been completed, and the second 
integral in the equation represents the total energy /V’/2 expended 
in the iron ring and the secondary coil during a half cycle. Sub- 
stituting these values of the integrals in the above equation, and 


solving for @ , we obtain, 


max’ m 
oo wm ot WV 
en SEPM, 


(14) 


The total kinetic energy of the moving system at any instant is 


r 9 
w, = Ko’, 
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and the rate of change of this kinetic energy is, 
dw, | dt = Kwdw | dt. (1 5) 


The total potential energy stored in the suspension fiber at any 
instant is 
w, = 456", 


9 


and the rate of change of this potential energy is 

dw,/dt = b0d0 / dt. (16) 
If the instrument is undamped, the rate of change of potential 
energy is equal to the rate of change of kinetic energy and opposite 
in sign, and equations (15) and (16) give, 


Kuwdw/dt = — b60d0/ dt. (17) 
Multiplying by d¢ and integrating between limits gives 
rw —0 7-86 
K{ wdw = — 6 / dé (18) 
“e=6 max veut 
which reduces to 
3 Kw" as _ 300°. ( 19) 


If the usual correction for damping be made when reading the 
maximum deflection @, this integrated equation is true for damped 
instruments as well as for undamped ones. Solving this equation 


for the value of w, | gives 
Wmax = O76] K. (20) 
Eliminating @,,,, from equations (14) and (20) and solving for WV 
gives 
2VbKrn 
W = 26. (21) 
&", 


In this equation between W and @ the unknown factor is /dK/g. 
To determine this factor, the dynamometer may be calibrated in 
either of two ways, as follows: 

First method of calibration, using a condenser. With a steady 
current /’ maintained in the field coils of the dynamometer, ar- 
ranged as in Fig. 2, a condenser is discharged through the moving 
coil of the instrument.’ As before, the instantaneous torque acting 
on the moving coil of the dynamometer during discharge is given by 
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T = gl'i, = — gl'dq dt, aay 


where g is the quantity of electricity in the condenser at any instant. 
Multiplying by d¢ and replacing Za? by its value from equation 


(12), and integrating, we get 


*w = max 7g —0 
AK aw = — gl’ (23) 
vVa=?0 e/q=Q 
Puttting in the value for the limits and solving for @,,,, gives 
-J?r » at ae . . 
On = §1'O/K = gl'CV/K. (24) 


By reasoning exactly the same as in deriving equation (20), we get 


w = A’ AK, (25) 


max 
where @’ is the ballistic deflection of the dynamometer in calibra- 
tion. Eliminating «,,,, from equations (24) and (25) and solving 


for the unknown factor that was to be determined, we get 


Vb6K CVI’ 


a -— 
re] 


Substituting the value of this factor in equation (21) gives the final 
working equation for IV, 
anr,CVI' 


ng’ 


W = 6= KA. (3) 
Second method of calibration, using a mutual inductance. With 
a steady current /’ maintained in the field coils of the dynamometer, 
arranged as in Fig. 2, the secondary of a mutual inductance is dis- 
charged through the moving coil of the instrument. If /) is the 
current which flows in the primary coil of the mutual inductance 
at the instant before the primary circuit is opened, then the quantity of 
electricity discharged through the moving coil of the dynamometer 
when the primary circuit is suddenly opened is 
MI, 


rs 


Q 


where J7 is the coefficient of mutual induction of the mutual induc- 
tance and 7, is the total resistance in the circuit of the moving 
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coil of the dynamometer during calibration. Substituting this value 


of Q for CV in equation (26) gives 


m 


oR MII’ 


_= , 28) 
& rf : 
and the corresponding working equation for VV is 
_ 2nrMT_T' : 
W= 22 ” = KA. (3) 


f 
nO ‘ 


This method of calibration requires the measurement of an addi- 
tional resistance 7, and hence the condenser method of calibration 
is slightly more rapid. When the value of A, has been determined 
by either of the above methods, a large number of hysteresis 
measurements may be made in rapid succession with varying values 
of magnetic flux density in the iron under test by merely throwing 
the switch S and noting the ballistic deflection of the dynamom- 
eter. 

In commercial work it may frequently be desirable to use the 
dynamometer also for measuring the magnetic flux density in the 
iron ring. The necessary working equation (4) is proved as 
follows : With a steady current /’ maintained in the field coils of the 
dynamometer, arranged as in Fig. 2, and the switch S being thrown 
over, the torque tending to deflect the moving coil of the dynamom- 
eter is given by 


ol''n ad¢ 
7 . é batt. 
7 gl"i, _ gle, r= 7 at (29) 


Multiplying by d7¢, replacing 7d? by its value Adw as in equation 


(12), and integrating, we get 


%w = Wmax ol''n *+dmax 
K dw =° 2 , | dg, (30) 
v“w=0 rs ~’—ddmax 
whence 
2gl"'n, " 
Ones _ Ar F max’ (3 I ) 


The equation corresponding to (20) is in this case 


w = i!” Vb K. 


max 























Eliminating w 
m. 
we obtain 


/ 
° . . Vl ° 
Substituting the value of the factor from equation (26), re- 


placing ¢ 


where the factor 10° is introduced to bring the units to lines of 
force per cm’, 

It is assumed that in all cases the observed dynamometer deflec- 
tions have been corrected for damping in the usual way. 

A complete numerical illustration of the method follows, the data 
being taken from a test made by the writers on a sample of trans- 
former iron. The iron, of 15 mils thickness, was cut into closed 
rings of inside diameter 7 inches and outside diameter 9 inches and 
56 pieces were piled up, separated by paper and wound with the 
necessary coils. The exact data of the iron were: mean length of 
magnetic path /= 63.71 cm., mean cross section @ = 5.042 cm’, 
volume of iron v = 321.2 cm*., mean thickness of one lamina 
t=.036cm. The data for calibration of the dynamometer were 


which gives for the calibration factor of the dymamometer, 


The data for determining the iron loss W were 


= 99 turns, 


= 20.93 scale divisions for magnetizing current of / = .947 








M. E. RICE AND BURTON McCOLLUM. [ VoL. XXIX. 


«x {rom equations (31) and (32) and solving for ¢,,, 


A OK 
¢ 2 . ( 


7 max al''n o 
< 2$ 


Ww 
Lo) 
-otadl 


, by its value a&,,,,, and solving for B, we obtain 
10°r,/’C VT’ 
B= . 0” = KO", (4) 


2an,'1"'0' 


ma 


/ 


V = 4.077 volts, C = 2.0135 microfarads, 


/’ = .892 amperes, 6’ = 5.905 scale divisions, 


CVI’ 2.0135 x 10-° x 4.077 x .892 


7 = 5-905 = 1.240 x 10. 
5-905 


100 turns, 


1122 ohms, 


amperes. 
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Substitution of these data in equation (3) gives the total iron loss 
per cycle in joules for a magnetizing current of 7 = .947 amperes, 


2xX99X 1122x1.240x10~° 
W= 99 — — X 20.93 =.002755 X 20.93=.05766 


where the reduction factor .002755 can be used for all other values 
of @ observed, thus giving a series of results with very little cal- 
culation. The data for determining the magnetic flux density B 


were 

r,/’ = 1122 ohms, 
Ad 

H,' = 20 tums, 


/'’ = 1.468 amperes, 

6’’ = 16.06 scale divisions for magnetizing current of / = .947 
amperes. 

Substitution of these data in equation (4) gives the maximum mag- 

netic flux density in lines per square centimeter for a magnetizing 


current of / = .947 amperes, 


Sg ee ee ct , x 16.06 = 470. x 16.06 = 7548, 
2x 5.042 X 20 X 1.408 

where the reduction factor 470 can be used for all other values of 
#’’ observed and thus a series of results obtained if desired. The 
slight eddy current loss can be calculated from equation (5), the 
period of a half cycle having been observed to be approximately 
one second, making the value of f=.5. Substitution gives the 
eddy current loss per cycle in joules, 


o 


W. = 1.645 x (.036)* x .5 x (7548)? x 321.2 x 107" = .o0019. 


Deducting this value from the value of the total iron loss found 
above gives the true hysteresis loss of the iron sample 


W, = W— W, = .05766 — .00019 = .05747 joules per cycle 


h 
fora maximum magnetic flux density of B= 7548 lines of force 
per square centimeter. 
This same sample of iron was also tested by the ballistic galva- 
nometer method, using the same value of magnetizing current. 


The results were 
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W=.05732 and B=7552, 
showing a discrepancy of about one-fourth of one per cent. in the 
values of the hysteresis loss by the two entirely different methods. 
As a further comparison of results obtained by the two methods, 


the curve in Fig. 3 is given. A sample of ordinary sheet iron of 
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25 mils thickness was made up as was the preceding specimen, and 
its B~H curve carefully obtained by the ballistic galvanometer. Its 
hysteresis losses for various values of 2 were obtained by the bal- 
listic galvanometer method and points plotted between hysteresis 
loss and 4, as shown in the figure. Its hysteresis losses for various 
values of B were also obtained by the ballistic dynamometer method 
and points plotted between hysteresis loss and 4, as shown in the 
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same figure. A smooth curve was then drawn among all points. 
An inspection of the curve and the individual points shows that 
practically none of the points are off the curve by as much as one 
per cent. in the value of hysteresis loss and most of them are con- 
siderably closer than one per cent. In the case of the ordinary 
sheet iron tested, the eddy current losses were % per cent., or less, 
of the total iron loss. Hence it is evident that for all ordinary 
commercial work with laminated iron, sufficient accuracy is obtained 
without correcting for eddy current losses. 

The electrodynamometer used for this work should be a fairly 
sensitive instrument in order that the loss due to the current in the 
movable coil may be negligibly small. In the dynamometer used 
for these experiments the fixed coil system was made up of two 
coils of No. 12 copper wire each coil containing 200 turns. These 
coils were of about 12 centimeters mean diameter and were placed 
about 10 centimeters apart. The movable coil was a coil taken 
from an ordinary high sensibility D’Arsonval galvanometer of 1,200 
olims resistance. It was suspended between the two fixed coils by 
the ordinary galvanometer suspension with a fine spiral spring be- 
low. The complete period of swing of moving coil was about 40 
seconds and it was found that the ballistic deflection was not appre- 
ciably diminished by lengthening the time of discharge to one and 
a half seconds. The switch S is an ordinary six point mercury pole 
changer and should be so made as to close the circuit on one side 
before opening it on the other, so that the circuit of the dynamom- 
eter and magnetizing coil is not opened during the taking of a read- 
ing. This insures that the dynamometer integrates the loss through- 
out the entire half cycle. The choke coil D is simply one coil of a 
transformer. In the experiments in question it was the 200 volt coil 
of a 2-K. W. transformer. When this coil is used in series with a 
magnetizing circuit of 5 or 6 ohms resistance, the eddy current 
losses and secondary copper losses are reduced to a fraction of one 
per cent. of the total losses. 

Before concluding this paper, it may be helpful to others using 
the ballistic electro-dynamometer method for the first time, to empha- 
size some of the precautions that should be taken in any such work. 


In all work of this character, four readings should be taken for each 
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point: two with fixed test coil connections, the primary or mag- 
netizing current being reversed once in each direction ; two with 
reversed and fixed test coil connections, the primary current being 
again reversed once in each direction as before. This procedure 
eliminates all effects of stray magnetic fields on the iron under test 
and on the movable coil of the dynamometer. It should be fol- 
lowed in both the ballistic dynamometer method and the ballistic 
galvanometer method, and for the same reasons. It is preferable 
to set the dynamometer in such a position that a current in its mov- 
able coil will not cause a deflection due to the magnetic field of the 
earth. All ballistic deflections, taken by either method, should be 
corrected for damping in the usual way. 

If a series of readings is to be taken requiring a very wide varia- 
tion of current in the magnetizing circuit, it is best to vary this cur- 
rent partly by changes in the voltage supplied rather than to depend 
entirely on changes in resistance, in order that the time constant of 
the magnetizing circuit can be kept large for all values of current 
used. This keeps the period of the hysteresis cycle sufficiently long 
to insure a small value of eddy current loss. 

The movable coil of the dynamometer should be very carefully 
shielded or the heat radiated from the fixed coils even when only 
moderately warm may set up convection currents that will affect the 
stability of the instrument. Moreover even moderate variations of 
temperature cause corresponding variations in the resistance of the 
movable coil and in the tension of the spiral, thus changing the cali- 
bration of the instrument and shifting the zero. A double walled 
casing will generally give satisfactory results. All masses of metal 
such as brass tubes or cases should be rigidly avoided, in the con- 
struction of such an instrument, in order to avoid entirely any dis- 
turbing effects from eddy currents. 

UNIVERSITY OF KANSAS, 
February, 1909. 
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THE TEMPERATURE COEFFICIENTS OF GAS 
VISCOSITY. 
By WILLARD J. FISHER. 
IV. AN APPARENT RELATION BETWEEN VISCOSITY AND 
SPECIFIC HEAr. 

ie a previous paper, Part I. of this series,’ the writer plotted a 

curve-sheet, on which were graphically exhibited the relations 
of viscosity and temperature of a number of compound gases, Suth- 
erland’s equation being taken as a basis. At the time no approach 
to consistency or mutual relations was observed, but later it was 
found that the abscissa intercepts of these straight lines increased 
in an order which was the reverse of the order of the specific-heats 
ratio; =C,/C,. This relation also applies to the elements, as ex- 
hibited in Fig. 1 of the same article, hydrogen and argon forming 
exceptions. No attempt is here made to explain these exceptions, 
though it is certain that hydrogen is a very difficult gas to work 
with, in many other relations beside yiscosity. There is a smaller 
discrepancy between carbon dioxide and nitrous oxide; in regard to 
this it should be remarked that the experimental data on the form- 
er’s viscosity relations are far from consistent, as a reference to Part 
I. will show. Table I. shows the relations of 7 and the abscissa- 
intercept C/K. 

It appears that we have here an indication of one of two things: 
either a new law of gases, connecting the viscosity with the com- 
plexity of the molecule, or else a result of approximation made in 
order to simplify the mathematical treatment of the gas-flow in the 
capillary tube. (The tube method is the easiest way to subject the 
gas to high temperatures under controllable conditions, and all the 
viscosity data of the table were obtained by it.) It is not easy to 
see how the complexity of the molecule can of itself, disregarding 
mass and volume, affect the transfer of momentum which, from the 
kinetic theory standpoint, constitutes internal friction ; while the 
theory of the capillary tube is admitted to be incomplete. 


1Puys. REV., 24, p. 400, 1907. 
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TABLE I. 


Relation of Specific Heats and Sutherland Constants. 


Substance. GIG Authority. C/K - 10-* Authority. 
He 1.63 Behn and Geiger.! 5.42 H. Schultze. 
Ar 1.6674 Niemeyer. 8.23 H. Schultze. 
H, 1.41 Cazin. 10.94 P. Breitenbach. 

1.384 Maneuvrier and Fournier. 12.50 H. Markowski. 
1.408 Lummer and Pringsheim. 
N, 1.41 Cazin. 7.89 H. Markowski. 
CO 1.4032 Willner. 7.55 v. Obermayer. 
O, 1.4025 Miiller. 7.865 H. Markowski. 
1.3977 Lummer and Pringsheim. 
CO, 1.3008 Fiirstenau.? 15.18 P. Breitenbach. 
16.38 v. Obermayer. 
N,O 1.311 Willner. 17.94 v. Obermayer. 
18.40 ww. 5. F* 
C,H, 1.2455 Wiillner. 21.26 —*~P..: Breitenbach. 
CH,Cl 1.1991 Miiller. 28.5 P. Breitenbach. 


The values of C,/C, are taken from Landolt-Bérnstein-Meyerhoffer, 1905, except as 
below. They have the temperature range 0°-20°. 

The values of C/A are computed from the separate values of C and A’ given by the 
writer in Part I., except that for N,O. 


In 1866 O. E. Meyer‘ integrated the equations for the flow of a 
viscous gas through a uniform cylindrical capillary tube of circular 
cross section, making certain assumptions as to the different velocity- 


gradients, introducing the correction for slip on the walls, and using 


D 


Boyle’s Law as an equation of expansion. Poynting and Thom- 
son’ and M. Brillouin® give a more concise and direct treatment of 


> 


the same problem, the former neglecting slip on the walls. The 
slip correction, as a function of the pressure, is given by A. Bestel- 
meyer’ in his article on the viscosity of nitrogen, in a footnote ; the 


1U. Behn und H. Geiger, Verh. Deutsch. Phys. Ges., 9, p. 657, 1907. 

2R. Fiirstenau, Ann. d. Phys., 27, p. 735, 1908. 

3’ PHYSICAL REVIEW, 28, p. 106, 1909. While these are not final, they cover a much 
greater range than v. Obermayer'’s. 

40. E. Meyer, Pogg. Ann., 127, p. 269, 1866. 

5 Poynting and Thomson, Properties of Matter, pp. 207, 210, 1902. 

6M. Brillouin, Lecons sur la Viscosité, I1., p. 36. 
7A. Bestelmeyer, Ann. d. Phys., 13, p. 980, 1904. 
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same result is given, with derivation, in Part II.' of this series. In 
all of these the equation of expansion assumed is fv = const.; in 
other words, the gas expands isothermally throughout the tube, and 
the flow is assumed parallel to the axis. The recent paper of W. 
Ruckes* on the critical velocity of gases flowing in long, narrow 
tubes, contains measurements of a necessarily crude nature, which 
indicate that there is a decided temperature fall in the stream of 
gas, especially near the exit end. This makes it seem advisable to 
study the problem under the assumption of another equation of 
expansion. 

The writer assumes fz" = & as an equation of expansion, and in- 
tegrates with the same assumptions as to cylindrical flow, etc., as O. 
E. Meyer. The resulting equation is 

: za* 4¢ , 1 
F= (1 + =) (Otte pith), (1) 
8y/p*" (: + :) 


In this ¥ is the volume of gas passing per second, measured at 
pressure /, @ is the radius, / the length of the tube, £ the slip coeffi- 
cient, f, the entrance, f, the exit pressure; # and w are assumed 
constant. 

If n= 00, the equation pv" = represents an incompressible 
liquid, since then dv/dp = 0; and the flow equation reduces to the 


well-known form of Poiseuille, 


a 
Ta 


' 4¢ 
la oy (? Ta )(a- A) 


If »=C,/C,, the ratio of the two specific heats of a gas, the 
equation implies adiabatic expansion throughout the tube ; conduc- 
tion of heat through the capillary walls or the gas, and frictional 
production of heat in the gas, are both excluded from consideration. 
This is evidently a limiting case; cannot be as great as C,/C,. 
Any introduction of heat into the gas will tend to diminish x. 


1Puys, REV., 28, p. 73, 1909. 
2W. Ruckes, Ann. d. Phys., 25, p. 983, 1908. 
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If = 1, pv = const., and the flow equation reduces to 
i 


pa (na Suton : 


tN 
— 


the equation of O. E. Meyer. It implies perfect conductivity of 
both gas and walls, and that the latter are kept at a constant tem- 
perature. This also is a limiting case; ” cannot be as small as 1. 

As the transpiration method must actually be used, the gas 
expands neither adiabatically nor isothermally ; there is a genera- 
tion of heat through friction, a cooling by expansion against pres- 
sure, and there is imperfect conduction through the gas and walls, 
while outside the walls the temperature is maintained constant. 
Assuming that the production of heat by internal friction is too 
small to change the conditions of flow materially, then the value of 
n, while probably not the same for all points in the tube, must 
remain between 1 and C,/C,, and the true equation of flow is prob- 
ably something between (1) and (2). 

Supposing it possible for a gas to have C,/C, = 1; then there is 
no difference between adiabatic and isothermal expansion, and O. E. 
Meyer’s equation represents the flow of such a gas, except as 
errors may follow in consequence of the assumed cylindrical flow. 
We would expect then that the accuracy of the accepted capillary 
tube determinations of gas viscosity is greater for the complex 
gases than for the simple, ¢. g., greater for CH,Cl than for He. 

The integration of the equations of the gas-flow has not been 
performed even for the case of isothermal expansion, which is the 
simplest, without assumptions which may seriously affect the 
results obtained. No experimenter has made the attempt to apply 
a correction to his measured pressures, to allow for the kinetic 
energy of the entering or emerging gas; and this may be a serious 
matter when the pressure-difference between the two ends of the 
tube is as large as that used by the writer or by Bestelmeyer. The 
method used by the latter was originated by Holman, and consists 
in measuring the pressure differences between the ends of two tubes 
which are connected in series, so that three pressures are measured, 
one nearly atmospheric, one quite small, and one intermediate. The 
gas-flow being steady, the two tubes are immersed in melting ice, 
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and from the ratios of the measured pressures the ratio of the tube 
resistances is computed, on the basis of O. E. Meyer’s theory. On 
the same basis an accurate calibration with mercury was carried out, 
whence again the ratio of the tube-resistances was computed. The 
two values of this ratio differed by I in 200, too much to be explained 
by observational errors. Brillouin attributes this to noncylindrical 
flow. And certainly no one has attempted to make any allowance 
for cooling by expansion or conduction of heat through the glass 
walls of the tube. Until something has been done to solve more 
accurately the mathematical problem of the gas-flow, it is too early 
to say that we measure the viscosity of a gas by the transpiration 
method. The fact that Sutherland’s equation applied graphically to 
the experimental data gives straight lines shows that the deduced 
values of the viscosity coefficients must be /inearly related to the 
true values; the grouping of C/ in relation to the ratio 7 indicates 
a strong possibility that the nonisothermal character of the expan- 
sion cuts a very important figure in the actual process. 

A complete theoretical solution would involve consideration ot 
the law of viscous forces ; heating by friction; the fact that there 
are ¢wo viscosity coefficients, as there are two of elasticity ; the equa- 
tion of state ; cooling by expansion against pressure ; conduction of 
heat through walls and gas; pressure lost corresponding to kinetic 
energy at the two ends; perhaps also the effect of temperature on 
the viscosity coefficient. 

With regard to the two viscosity coefficients, one, A, appears in 
the heating effect of friction as multiplied by the square of the 
divergence of the velocity, and hence determines the dissipation of 
energy by change of volume; the other, y, is especially associ- 
ated with shearing gradients. Stokes makes the hypothesis that 
3A + 2u4=0, while »>0o, hence A= — 3. Consequently the 
existence of the coefficient 4 tends to diminish the waste of energy. 
(This is entirely apart from external work done on expansion.) 
This coefficient is entirely ignored in the equations presented 
above. 

Brillouin (II., p. 37) writing of the forms of streamlines in the 
capillary, says: ‘‘chacque filet cylindrique s’épanouit de plus en 
plus 4 mesure qu’il avance dans le tube.’”’ It is more likely that 
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the bundles of streamlines contract as they approach the exit end 
of the tube, until they are quite near it; the outer layers of gas 
scale off, so to speak, into the central stream. A small element of 
the gas in the neighborhood of the wall advances slowly into a 
region of lower pressure; it expands and presses in all directions ; 
the walls do not yield at all, the gas behind is at a higher pressure, 
the gas in front can yield but slowly, owing to the friction ; while 
the gas in the center, being freer to move than any other, goes for- 
ward, and the element expands mainly toward the center. Hence 
the streamlines must converge toward the axis. 

Again, on the same page, in computing the correction to pres- 
sure due to kinetic energy, Brillouin deduces the correction to the 
entrance pressure from the kinetic energy of the emergent jet. The 
reasoning which he has previously employed (I., p. 132) in the case 
of liquids can hardly apply here ; the velocity of the emergent jet 
is not due wholly, as for a liquid, to the initial pressure ; a good 
share of it is due to work done inside the tube itself, especially if 
the expansion has been isothermal, and heat energy has been sup- 


plied all along the tube to keep up the temperature. 





The difficulty of integrating the equations of the capillary tube 
could be avoided by an apparatus constructed on the plan of that 
used by Helmholtz and Piotrowsky,' or that of Gy6zo Zempleén ? or 
of J. L. Hogg,® all of which depend on the Helmholtz solution, 
of the problem of a sphere vibrating in or about a viscous fluid. 
Such an apparatus, constructed to give accurate results with con- 
trolable temperature over a considerable range (Gy6ozo Zemplen’s 
apparatus can only be used at or near room temperature, and the 
uncertainty of his measurement for air, .0001794 at 20°.4 C., is 
I per cent.), and used in the study of two gases of considerably 
different complexity, ¢. g., air or nitrogen and methyl chloride, 
would give a check on the capillary tube method which is much to 
be desired. The nearest approach to such a check at present 


available is found in the comparison which P. Breitenbach* gives of 


1H. Helmholtz, Abhandlungen, I., p. 196. 
2Gy6z6 Zemplén, Ann. d. Phys., 19, p. 783, 1906. 
3]. L. Hogg, Contr. Jeff. Phys. Lab., 2, p. 611, 1904. 


*P. Breitenbach, Wied. Ann., 67, p. 820, 1899. 
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his own capillary tube results with those of J. Puluj, obtained by a 


Puluj 14°.7 Breitenbach 15°. 
co, .0001468 .0001464 
H, .0000893 -0000893 


vibration apparatus in the laboratory of Kundt at Strassburg. 


This apparatus was of the disk type, which involves more mathe- 


matical difficulties than the sphere ; but the agreement is interest- 
ing, and encouraging to experimenters who use the tube method 


GOTTINGEN, 
March, 1909. 
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THE EFFECT OF ELECTRICAL OSCILLATIONS ON 
THE CONDUCTIVITY IMPARTED TO GASES 
BY AN INCANDESCENT CATHODE. 


By ORIN TUGMAN., 


“T “HE property of an incandescent carbon filament of emitting 

electrons in excess of positive electricity has been used by 
Fleming’ for obtaining small direct currents from an impressed 
oscillatory potential difference of high frequency. Since the emis- 
sion of negative electricity from the hot carbon tends to discharge a 
cold positively charged conductor near it a continuous current 
can be set up through the space between the cold conductor and 
the hot filament, if the charge on the cold conductor is continually 
renewed. In Fleming’s experiment the carbon filament was sur- 
rounded by a metal cylinder as the cold conductor. This cylinder 
was connected in series with a galvanometer, a coil of wire of few 
turns and to one terminal of the carbon filament. The coil of wire 
was electromagnetically coupled to a primary coil in the discharge 
circuit of a Leyden jar. The induced secondary oscillations can 
pass in one direction through the vacuous space between the incan- 
descent carbon and the cylinder but not to any great extent in the 
opposite direction. The direction of the rectified current is, accord- 
ing to the conventional way of stating, from the cylinder to the fila- 
ment. The oscillations in the opposite direction were almost com- 
pletely shut out. This device is called by Fleming an oscillation 
valve. 

Lee DeForest’ has inserted in the secondary circuit a battery of 
cells which will of themselves tend to send a current from the cold 
conductor to the filament. When the oscillations are induced we 
get the combined effect of the steady applied potential difference and 
of the oscillatory current. In this device called the ‘‘ Audion”’ 
DeForest has the cold conductor made of metal plates in various 
' Phil. Mag., p. 476. 1905. 

? Amer. Institute Elect. Eng. Proc., December, 1906. 
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on 


shapes and positions. Recently the U. S. government has issued 
to DeForest a patent’ on a wireless telephone receiver in which 
there are two metal plates, one on each side of the filament. 
Marconi’ also has a patent device for a similar purpose in which the 
hot filament is surrounded by a metal cylinder. 

The investigation described in the present paper was begun at the 
suggestion of Professor Merritt, whom the author sincerely thanks 
for much timely advice throughout the work. The object of the 
experiment was to determine the currents which could be sent 
through the space between the cold conductor and the hot filament 
when the electrical oscillations were superimposed on direct applied 
potential differences. Also it is intended to show how this current 
varies with changes in the gas pressure and with the positions of 
the cold conductor. 

The apparatus was set up as shown in Fig. 1. The carbon fila- 
ments kindly furnished by the General Electric Co., Harrison, N. 


J., were mounted at the end of glass tubes one and one quarter 


g 
inch in diameter. The open end of the tube was fitted to another 
of the same size attached to an air pump. The joint of the two 
glass tubes was wrapped with sheet rubber securely wired on. The 
whole joint was then surrounded by a mercury seal. By this 
means different filaments could be mounted on the pump in a few 
minutes. As is shown in the diagram, a glass tubes extends ver- 
tically downward from the one holding the filament and ends in a 
deep cistern of mercury. A long steel rod carrying on its upper 
end the cold conductor, a brass plate as shown, passes down into 
the cistern of mercury and turns up on the outside of the tube. 
This affords a positive connection to the third terminal so its posi- 
tion can be changed at will. Electrical connection is made with 
the brass plate as shown through the platinum wire sealed in the 
glass atc. A vacuum tube with parallel flat electrodes is sealed 
on the tube leading to the pump. The discharge of an induction 
coil through this was used to indicate the pressure of the gas in the 
apparatus. 

The electric oscillations were produced in a coil of eight turns 
1U. S. Pat. No. 1427, 1908. 
2U. S. Pat. No. 887, 1908. 
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and twenty centimeters diameter. One end of this coil was con- 
nected through a condenser to earth. The other end of the coil 
was connected to the third terminal atc. The primary coil con- 
sisted of three turns twenty centimeters in diameter, connected in 
series with a Leyden jar and zinc spark gap. The spark gap was 


HHH as 














PRUBELF 
STAFELEF 








:; 























Fig. 1. 


always short so that the oscillations were large in number and of 
relatively small amplitude, otherwise sparking would occur between 
the third terminal and the filament. Throughout each series of 
readings the distance between the two coils and the length of the 
spark gap remained fixed. 

















No. 2.] ELECTRICAL OSCILLATIONS. 157 


The direct potential difference could be regulated from the 
resistance connected to a dynamo circuit and was measured be- 
tween points 4 and #. Since the currents through the galva- 
nometer are small the fall of potential through it is negligible. 
The resistance of the galvanometer was 300 ohms and the sensi- 
bility 10-’ amperes per scale division. A variable shunt was used 
on the galvanometer so as to adapt it for a wide range. To prevent 
the oscillations from passing through the galvanometer an inductance 
was placed in series with it at 1/7, Fig. 1. As a further protection to 
the galvanometer a Leyden jar was connected in parallel shown at 
lL, Fig.1. The carbon filament is heated by an independent storage 
battery insulated from all other sources of E.M.F. 

The first series of observations were made on a horseshoe-shaped 
filament, burning on from five to seven volts. The third terminal 
consisted of a brass cup about 2 cm. deep and wide enough to nearly 
fill the tube. The cup was fixed in one position surrounding the 
filament and was not changed during this part of the experiment. 
All the connections were made as shown in the diagram. The air 
was pumped out until the vacuum gave a cathode ray discharge. 

The observations were made in the following manner: The con- 
tact D was moved along the resistance ¥& until the desired potential 





was produced. The current in the galvanometer due to the direct 
potential difference was then read off the galvanometer scale. After 
this the oscillations were started by operating the induction coil I. 
The galvanometer was again read, which reading gave the current 
through the vacuous space due to the direct potential and the super- 
imposed oscillations. 

The results of a series of observations of this kind are shown by 
the curves in Fig. 2. The abscisse represent the direct potential 
difference between the negative end of the filament and the third 
terminal. The ordinates are the currents through the galvanometer. 
The continuous lines give the current through the vacuous space 
when the direct potential is on alone and the broken lines show the 
current obtained when the oscillations are added to the steady poten- 
tial. Curves I., II., III., 1V. and V. were made when the carbon 
filament was heated by currents of 2.5, 2.7, 2.9, 3.0 and 3.1 
respectively. 

















158 ORIN TUGMAN. (VoL. XXIX, 


wn 


The general form of the continuous line curves may be explained 
by considering the manner in which the potential difference between 
the third terminal and the filament varies as the contact J) is moved 
along the resistance R, Fig. 1. When the contact D is placed at 


24 





20 


/6 


42 


0 10 ZO 30 FO 
Fig. 2 
Current in Filament 
Curve. Amperes. 

i. 2.5 

fi. 2.7 

III. 2.9 

IV. 3.0 

V. 3.1 


In Curves I.’, I11.’, III.’, [V.’, V.’ the same currents were in the filament as above 
respectively, but the electrical oscillations were added to the direct potential difference. 
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FE the third terminal has the same potential as the negative end of 
the filament. The galvanometer showed practically no current 
with this connection. If the contact D is moved a short distance 
along R the potential of the third terminal will be equal to the 


potential of some point on the filament, a short distance from the 
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negative end. Consequently electrons will now pass from the nega- 
tive end of the filament to the third terminal. As higher potential 
difterences are applied the third terminal will receive electrons from 
a greater portion of the filament until all the electrons emitted by 
the hot carbon reach the third terminal. When this state is reached 
the number of elections emitted by the hot carbon is not greatly 
influenced by any further increase in the potential difference between 
the third terminal and the filament. We see from the curves in 
Fig. 2 that the current through the galvanometer is saturated at 
about fifteen volts. The continuous line curves are similar to those 
obtained by Merritt and Stewart! with a metal cylinder surrounding 
a carbon filament. 

The broken line curves in Fig. 2 show the results obtained by 
superimposing the electrical oscillation on the direct potential differ- 
ence. It is seen from the curves that the electrical oscillations pro- 
duce a current through the galvanometer even when the third 
terminal is at the same potential as the negative end of the filament. 
This is to be expected when we consider that only one half of the 
wave can pass through the vacuous space. When the third ter- 
minal is charged negatively by the oscillations the electrons are 
repelled and cannot take part in the conduction of electricity. 
Furthermore, since the number of positively charged particles 
emitted by hot carbon is so very small compared to the number of 
electrons, the negative half of the oscillation is cut out and current 
passes through the galvanometer only when the oscillations charge 
the third terminal positively. The potential produced by the oscil- 
lations is probably more than great enough to produce saturation. 
But this potential lasts for a short time and the duration of each 
train of oscillations is very small compared to the interval between 
each train of oscillations. Therefore it seems reasonable that the 
galvanometer current should not be saturated when the high oscil- 
latory potential difference is superimposed on a small direct poten- 
tial difference. The same line of reasoning will explain the decrease 
of the galvanometer current, produced by the oscillations, after 
saturation. | When the direct potential difference has produced the 
saturation current, any farther increase in the potential difference 


'Puys. REV., p. 239, 1904. 
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cannot increase the number of electrons emitted by the hot carbon. 
But more that half of the oscillation wave which charges the third 
terminal negatively becomes effective in reducing the difference in 
potential between filament and third terminal. As a consequence 
of this reduced potential difference the galvanometer current falls 
below the saturation value. 

By plotting the differences in the currents obtained by the direct 
potentials alone and that obtained by the resultant of the direct and 
oscillatory potentials we have the curves shown in Fig. 3. After 
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Fig. 4. Current in Filament, 3 amps. 


reaching forty volts and the observations were made coming down 
the curve, it was found that the descending curve had shorter ordi- 
nates than the ascending curve. Such a curve is shown in Fig. 4. 
It is seen that the galvanometer current is greater with increasing 
voltages than with decreasing potential differences. 

In all the above experiments the brass cup, as a third terminal, 
remained fixed in one position. It was thought that the position of 
the third terminal would have an interesting effect on the galvan- 
ometer current. In the remaining experiments the device previously 
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described and shown in the diagram (Fig. 1) was used to vary the 
position of the third terminal. In this part of the investigation the 
third terminal was a brass plate three centimeters in diameter, 
mounted as shown in the diagram. The first experiment was made 
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Fig. 5. Current in lamp filament for Curves I., II., III., 1V., V. 1.6 amp. for 
Curves VI. and VIII. 


Potential Difference between Filament 


Curve. and Third Terminal Volts. 
Re 0 
Il. 25 
III. 50 
IV. 75 
V. 100 
VI. 100 


with a horse-shoe-shaped filament carrying 1.5 amperes on 60 volts. 
The brass plate was so adjusted that its distance from the bottom of 
the carbon loop was about half of a millimeter. The results of some 
experiments made without the electrical oscillations, but with a direct 
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applied potential difference, are shown in Fig. 5. Curves I., IL, 
III., 1V. and V. were made when 0, 25, 50, 75 and 100 volts direct 
were impressed respectively, and in all five the current in the fila- 
ment was 1.6 amperes. In Curve VI. the current in the filament 
was 1.8 amperes and the potential applied to the third terminal was 
100 volts. 

It is to be seen that in most of these curves the current in the 
galvanometer does not drop off quickly as the brass plate is removed 
until nearly half a centimeter intervenes. All the distances plotted 


along the +-axis were reckoned from the lowest point of the curved 
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Fig. 6. 1.2 amp. in lamp filament; I., zero potential difference; II., 25 volts. 
potential difference. 
filament which hung in a vertical plane with its convex side down. 
Also the vacuum was high enough for the vacuum tube to give a 
good cathode ray discharge. 

More interesting results are obtained when a straight carbon fila- 
ment is used in place of the curved one. This permits the brass 
plate to be the same distance from all parts of the carbon. Adjust- 
ments were made so that the brass plate could be brought up very 
close to the incandescent filament. Some results are shown in 


Figs. 6, 7 and 8. As the brass plate is moved away from the fila- 
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ment the current through the galvanometer at first increases with 
the distances. When the brass plate is nearly a centimeter off the 
galvanometer current is in some cases nearly twice as large as when 
the plate is a millimeter distant from the filament. Figs. 6 and 7 
also show a decided increase in the galvanometer current when the 
plate is out about five centimeters. All of these curves were made 
with the oscillations on. The pressure was not as low as could be 
produced, the cathode of the discharge tube showing a large blue 
spot. After pumping for some time and repeating the observations 
curves like those in Fig. 8 were obtained. Here we have a maxi- 
mum very pronounced at about one centimeter. After this point 


is passed the curve falls off rapidly at first and then gradually slopes 
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Fig. 7. 4 amp. in lamp filament; I., zero potential difference; II., 25 volts poten- 











tial difference; III., 50 volts potential difference. 


off to zero. Continuous pumping was necessary to keep the second 
maximum from appearing. We see in Fig. 8, curve III. shows a 
slight tendency to increase after the first rapid decrease. From 
this it seems that the pressure of the gas determines the presence 
of the second maximum. Also it is noted that as the pressure is 
lowered the first maximum gets more pronounced. 
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A series of observations was made using only the direct potential. 
A most decided maximum in some of these curves appears when 
the third terminal is about one centimeter from the filament. These 
are shown in Fig. 9. When the higher voltages are applied the 


per cent. of increase of current from the beginning to the highest 
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Fig. 8. 1.3 amp. in lamp filament; I., 20 volts potential difference ; II., 30 volts 





potential difference; III., 40 volts potential difference. 


value is greater than for the low voltages. Fleming made some 
experiments in which he measured the current obtained from the 
negative leg of a carbon loop to a metal plate. His curves corre- 
spond to those in Fig. 9 from the maximum point down. 

If the filament current and the direct potential are maintained 
constant and the pressure varied some more data are given, which 
show under what conditions the second maximum appears when 
the oscillations are,on. In Fig. 10, curve I. was made when the 


vacuum tube discharge was gray in color, just before cathode rays 
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appear. Curve II. was made just as the first faint traces of cathode 
rays appeared. For curve III. the vacuum tube showed full 
cathode ray discharge, the blue spot on the cathode being a small 
blue point. Curves IV. and V. show a similar change as the air is 
pumped out. Itcan be seen here that the first maximum is increased 
with diminished pressure. 

A reasonable explanation of the first maximum may be obtained 
from an analogy to the discharge through vacuum tubes. It is 


known ' that the effect of cathode ray particle by impact on the gas 
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Fig. 9. 1.2 amps. in lamp filament; I., 40 volts potential difference without oscilla- 
tions; II., 50 volts potential difference; III., 60 volts potential difference; IV., 70 





volts potential difference; V., 80 volts potential difference; V1., 90 volts potential 
difference. 


molecules is small close to the cathode. The ionizing effect of the 
cathode rays increases rapidly as the negative glow is approached, 
reaches a maximum in the glow and quickly drops toa small 


1], J. Thompson, Conduction of Electricity through Gases, p. 484. 
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value. In the present case the brass plate in the nearest position 
to the hot filament is within the cathode dark space. As'*the third 
terminal is moved away from the filament regions are reached where 
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Fig. 10. I., I1., III., current in lamp filament, 1.4 amp., 23 volts;“IV., V., cur- 



































rent in lamp filament 1.2 amp., 30 volts. 


the electrons from the carbon have greater ionizing power. After 
passing this point the galvanometer current falls off. 

The second maximum must be due to the secondary ionization 
in the gas. As was cited above, this second maximum occurred 
only at relatively high pressures, 7. ¢., pressures greater than that 
required for good cathode rays. Furthermore, when the ampli- 
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tude of the oscillation was small, the potential gradient was not 
sufficient to give the ions the required velocity for ionization. 
In Fig. 11 are shown some curves made when the direct poten- 


tial was comparatively high. It will be remembered that in Fig. 2 
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Fig. 11. 8 amp. in lamp filament; I., 50 volts without oscillations; I.’, 50 volts 
with oscillations; II., 60 volts without oscillations ; I1.’, 60 volts with oscillations ; III., 
70 volts without oscillations ; III.’, 70 volts with oscillations ; 1V., 80 volts without oscil- 
lations ; IV.’, 80 volts with oscillations. 


the galvanometer current is decreased by the oscillations when 
saturation exists. In Fig. 11 we see that the oscillations produce a 
decrease in the galvanometer deflections when the brass plate is 


about one centimeter distant. After this distance is passed there is 
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an increase of the galvanometer current due to the oscillations. 
The continuous line as before represents the current produced by 
the direct potential alone and the broken line when the oscillations 
are impressed on the direct potential. In all these curves the same 
current flowed in the filament and the pressure was low enough to 


g. Incurves lV, lV’, 


prevent the second maximum from appearing 
the direct potential is 40 volts. Under this condition the effect of 
the oscillation is always to increase the current through the gas. 
The hi; 


cr 
> 


hest maximum on this curve sheet is reached when about 
80 volts is applied. 

It appears that different filaments have not acted the same with 
regard to the potential required to produce saturation. In these 
last curves apparently over 50 volts must be used, whereas in Fig. 


2 saturation is produced at about 15 volts. 


SUMMARY. 


When the direct potential between the third terminal and the hot 
carbon is not producing the saturation current, the effect of the 


electrical oscillations is to increase this current and to decrease it if 





the saturation is being already produced. 

The distance between the third terminal has a marked effect on 
the current through the vacuous space. In these experiments the 
current reaches a maximum when the third terminal is about one 
centimeter distant from the filament. A second maximum occurs 
when the gas pressure is not too low and the oscillating potential 
high enough to produce ionization. 

As the age of the filament increases with use the sensitiveness of 
all these effects decreases. 


Puysics LABORATORY, 





CORNELL UNIVERSITY. 
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ON THE POSSIBLE RADIOACTIVITY OF ERBIUM, 
POTASSIUM AND RUBIDIUM. 


By W. W. STRONG. 


HE work of Thomson, Campbell, Wood, McClennan and others 
indicate that potassium and probably rubidium is radioactive. 
McClennan and Kennedy ' have studied various potassium, sodium, 
lithium, rubidium, cesium and ammonium salts and find that only 
potassium salts are appreciably active, the cesium and rubidium 
salts giving but a very slight indication of radioactivity. The potas- 
sium cyanide salts investigated by them showed an activity roughly 
proportional to the potassium content (the potassium content was 
very small in some of the samples called potassium cyanide). Levin 
and Ruer? find by the photographic method that potassium salts 
emit radiations that are about a thousandth as effective in making 
a photographic impression as the § radiations from uranium. They 
find that metallic lead affects a photographic plate about as much 
as the potassium salts. 

In work upon the radioactivity of ordinary substances the electrical 
method is sensitive and rapid but requires a great deal of attention. 
The photographic method requires but slight attention and long 
periods of time. For these reasons the photographic method has 
been used by the writer in making a preliminary examination of 
the possible radioactivity of a large number of salts. The effects 
upon the photographic plate may be due sometimes to chemical 
action as well as to radioactive emanations or radiations. But by 
the use of screens it is possible in many cases to decide between 
these two causes. When there is no photographic impression after 
a long exposure of at least six months it is certain that the sub- 
stance does not emit any /-like radiations as strong as the radiations 
from most potassium salts. 

Several years before his death Professor Rowland collected several 
minerals and salts of the rarer elements and through the kindness 


1 Phil. Mag., No. 93, p. 377, 1908. 


7 
? Phys. Zeit., No. 8, p. 248, 1908. 
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of Professor Ames these were placed at the writer’s disposal. An 
investigation of the possible radioactivity of these salts has been 
made by the photographic method. The work is being continued 
by electrical methods. 

The substances examined include salts of potassium, zirconium, 
cesium, lead, bismuth, yttrium, tungsten, sodium, molybdenum, 
niobium, rubidium, erbium, tantalum, lanthanum, vanadium, neo- 
dymium, przsodymium and ruthenium. Most of these salts were 
collected by Professor Rowland at least fifteen years ago. 

The method of investigation consists in exposing ‘Seeds’ Dry 
Plates’’ for about six months to the salts. The salt is usually 
placed in a dish and covered with a screen containing several open- 
ings. Above this screen is the photographic plate, the film side 
being next the salt. As many of the salts had been in cork-stop- 
pered bottles for years, there was usually not much danger of 
chemical action although in several instances this trouble occurred. 
The plates used were probably not as sensitive as those used by 
Levin and Ruer. Intense impressions were however obtained in 
30 hours by exposing the plates to urany! chloride or urany! nitrate. 
The method of developing is the same as that used by Jones and 
Anderson. ' 

Potassium Salts. — Potassium cyanide (purchased for photo- 
graphic purposes) gave a considerable impression in an exposure of 
150 days. Thin aluminium foil (.00156 cm. thick) did not cut off 
much of the radiation. Thicker aluminium foil (.006 cm. thick) 
cut off at least half of the rays. A sample of potassium benzoate 
(Rowland collection) exposed for 150 days produced but a very 
slight impression. Potassium citrate (Rowland collection) exposed 
160 days produced a slight effect which was not absorbed by 
the thin aluminium foil, but was by sheet iron (.04 cm. thick). 
Potassium urate (R. col.) shows practically no effect after an expo- 
sure of 150 days. Potassium carbonate (R. col.) gave a strong 
photographic impression after an exposure of 160 days. The radia- 
tions were cut off by sheet iron. On the other hand, potassium 
carbonate recently purchased for photographic work (Mallinckrodt) 
showed practically no activity. The same was true of a sample of 
potassium chromate (R. col.) which was exposed 150 days. 


1 Carnegie Publication, No. 110, p. 7. 
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Lead. — Several pieces of lead used by the writer’ to screen elec- 
troscopes were tested. The length of exposure was 150 days. 
When the surface of the lead was bright and when near the photo- 
graphic film, the action upon the plate was usually very intense and 
of a spotted nature. When the lead was at a centimeter’s distance 
from the plate the impression was very weak. It seems that this 
effect cannot be produced by rays like the / rays from uranium. 
They may be 0-like rays or the effect may be due to chemical action, 
Lead chloride (R. col.) was found to be inactive. Lead peroxide 
(R. col. Merck.) gave a slight impression in 150 days. The radia- 
tions were cut off by thin aluminium foil. 

Zirconium chlorate (R. col.) and zirconium oxide (R. col.) gave 
no photographic impressions. The former was exposed 160 days 
and the latter 100 days. Czsium, bismuth chloride and sticks ot 
tellurium gave negative results after exposures of 160 days. 

A plate was placed in a box containing mercury. The plate 
was quite black on developing, the part of the plate in the mercury 
being less black however than the part that was exposed only to 
the mercury vapor. 

Three yttrium compounds belonging to the Rowland collection 
were tried —these being yttrium sulphate, yttrocerite and yttrium 
oxalate. The lengths of exposure were 110, 150 and 110 days 
respectively. No impression was produced upon the photographic 
film. 

The following substances belonging to the Rowland collection 
were exposed for 110 days with negative results, oxide of tungsten, 


tungstate of ammonia, tantalic oxide, molybdenum metal (powdered), 


og 
g 
sodic molybdenate, ammonium molybdenate, niobic acid, Gado- 
lenite (No. £,G,), vanadium chloride, cerium sulphate, neodymium 
oxide, presodymium oxide, ruthenium “residues’’ and iridium 
metal. The quantity of several of these compounds was so small, 
however, that unless they were quite active, no impression upon a 
photographic plate would be made. 


A sample of ‘erbium chloride”’ gave a very strong impression after 


an exposure of 110 days. This salt was in the Rowland collection. 


Several years ago the University purchased some “erbium metal ”’ 
from the Harrington Brothers, London. This also gave a very 


1 Puys. REV., p. 43, July, 1908. 
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strong photographic impression. The “ erbium chloride”’ is known 
to contain a large amount of erbium as it has been used for spec- 
troscopic work. The absorption spectra of the powdered “ erbium 
metal’’ did not show any trace of the erbium spectrum. How 
much erbium is present the writer does not know. 

Lanthanum chlorate and sulphate gave negative results. The 
absorption spectra of these salts showed the presence of neodymium 
in large amounts. 

Samarkite ‘‘ oxides from sodic sulphite’’ showed no radioactivity. 
Samarkite earth and monazite sand (Barker Co., N. C.) showed a 
very marked radioactivity. These minerals belonged to the Rowland 
collection. 

Rubidium chloride after an exposure of 110 hours gave a slight 
photographic impression. Rubidium chlorate in 110 hours gave a 
very strong impression. 

In several instances the photographic plates were supported by 
pine or oak blocks. In every case it was found that these darkened 
the plate and this darkening spread out as a cloud for several milli- 
meters from the parts of the plate touching the plate. The effect 
of the wood was very small when it was a few millimeters from the 
plate. 

SUMMARY. 

Various “‘new”’ and “‘old”’ potassium salts have been found to 
give a photographic impression after long exposures. This action 
has been found to be quite small for other potassium salts. 

Erbium and rubidium salts were found to act in a similar way to 
potassium salts. This indicates that erbium, rubidium and potas- 
sium may be radioactive. The fact that so many rubidium and 


potassium salts from widely different sources possess this activity 


seems to show that it is not due to an impurity. 

Lead and wood also give photographic impressions but these 
seem to differ in their cause from the impressions produced by 
erbium and potassium. 


JoHNs Hopkins UNIVERSITY, 


June, 1909. 








JAKOB KUNZ, [ VoL. XXIX. 


ON THE PHOTOELECTRIC PROPERTIES OF SODIUM- 
POTASSIUM ALLOY. 
By JAKOB Kunz. 

T has been shown by Elster and Geitel that when the incident 
light is plane polarized, the photoelectric effect for a given 
intensity of light and angle of incidence is greater when the light is 
polarized at right angles to the plane of incidence than when it is 
polarized in that plane. The same physicists have also determined 
how the amount of light absorbed by the metal varies with the 
angle of incidence for light polarized in and at right angles to the 
plane of incidence and their results show that there is a close con- 
nection between the absorption of light and the photoelectric cur- 
rent, a connection which has been accounted for by certain theo- 
retical considerations in a pretty satisfactory way. As however 
the photoelectric current or leak depends upon the number and 
velocity of the electrons emitted from the metal under the action of 


the light, the question arises as to the influence of the plane of 


polarization and the angle of incidence on the initial velocity of the 


electrons and on the number of electrons emitted from unit surface 
in unit time. If the units of electromagnetic energy were not sus- 
ceptible of polarization, we should expect the plane of polarization 
to have no influence on the initial velocity of the electrons. In 
order to decide the question by means of experiments I introduced 
between the arc and the sodium-potassium alloy a Nicol prism so 
that the long diagonal of the end surfaces was horizontal and thus 
the light incident on the metal polarized in a plane at right angles 
to the plane of incidence. The deflection of the electrometer was 
exactly the same as that produced without the Nicol prism. This 
is what we should expect from the fact that the velocity of the 
electrons is not affected by the intensity of the incident light. The 
angle of incidence was 55°. If the Nicol prism from this initial 
adually turned into the position go0°, where the 


position was gr 
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plane of polarization was parallel to the plane of incidence, the 
deflection decreased as shown by the following figures : 


410.9 50 368.0 

5 409.9 55 359.4 

10 407.9 60 349.5 

15 404.8 65 338.2 

20 401.1 70 325.7 

25 397.1 75 312.5 

30 392.3 80 296.8 

35 387.8 85 285.0 

40 381.9 90 270.4 

45 375.2 

The deflection 410.9 mm. corresponds to a positive potential of 
the metal of 1.10 volts, the deflection 270.4 to a potential of 0.723 
volt. Thus the positive potential decreases 34.3 per cent. when the 
plane of polarization from the position where it is perpendicular on 
the plane of incidence is turned into the position where it is parallel 
to the plane of incidence. The same experiment was repeated for a 
special wave-length of violet light. The result was the same. On 
the electromagnetic theory there is in light polarized at right angles 
to the plane of incidence an electric force with a component normal 
to the reflecting surface ; when the light is polarized in the plane of 
incidence the electric force is parallel to this surface. Thus electrons 
which receive the energy from the electromagnetic units, acquire an 
amount of kinetic energy greater than that due to thermal agitation ; 
at every collision with a molecule of the metal, the electron loses a 
part of its kinetic energy, and if it is to escape from the metal, it 
should make as few collisions as possible before reaching the sur- 


a . , ° 
face, or it should move approximately at right angles to the surface. 


Such an electron will acquire an additional amount of kinetic energy 
from the light polarized at right angles to the plane of incidence, 
having an electrical component at right angles to the surface. Under 
these conditions an electron can easier escape than when acted upon 
by an electric force parallel to the surface of the metal. The de- 
crease of the positive potential acquired by the metal, when the plane 
of polarization is turned from the first into the second position, is 
very small in comparison with the decrease of the photoelectric 


current measured by Flster and Geitel under the same conditions. 
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For an angle of incidence of 60° the currents are represented by the 
numbers 28.7 and 1.51, or the current for the first position of the 
plane of polarization is 19 times as large as for the second position ; 
it follows from this result, combined with the result of the above ex- 
periment, that the number of electrons emitted must be affected very 
strongly by the plane of polarization. 

Of great importance for the theory of the photoelectric phenom- 
ena is the effect of temperature. The results of previous investiga- 
tions are by no means concordant ; many of them are not conclu- 
sive, as secondary phenomena disturbed the pure effect. 

Mr. Millikan,’ who carried out a careful investigation of this 
subject, found that the positive potentials acquired by different 
metals under the influence of ultra-violet light are wholly inde- 
pendent of temperature, and furthermore that the discharge of neg- 
ative electricity from metals or the photoelectric current is inde- 
pendent of temperature. The alkali metals are not among those 
investigated in this research. Elster and Geitel, J. J. Thomson, 
and recently J. A. Fleming on the other hand, find that the dis- 
charge of negative electricity from potassium and sodium-potassium 


alloy increases very considerably with increasing temperature. I 


studied the influence of temperature upon the positive potential 


acquired by the alloy and found that it does not increase with in- 
creasing temperature ; there was rather a slight decrease of the de- 
flection, due probably to increasing conductivity of the surface of the 
glass wall of the photoelectric cell. 

This preliminary investigation was carried out in the physical 
laboratory of the University of Michigan. I wish to express my 
best thanks to Professor H. S. Carhart for the facilities afforded for 
this research. My thanks are also due to those students of the 
university in Ann Arbor, who were always ready to help me in ar- 
ranging the experiments and in taking the readings. 


1R. A, Millikan and G. Winchester, The Influence of Temperature upon Photoelec- 
tric Effects in a very high Vacuum, Phil. Mag. [6], vol. 14, p. 188, 1907. 











